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ABSTRACT 
 
 
Background:  
Orthodontists rely heavily on cephalometric analysis to assess growth potential and 
direction. Geometric morphometrics examines shape and can help the clinician reach 
more accurate diagnoses and predict future growth. 
Purpose:  
The aims of this study are: 1) Determine principal components describing craniofacial 
shape changes; 2) Assess shape changes in growing subjects; 3) Develop a model for 
craniofacial growth prediction using geometric morphometrics.  
Research Design:  
The Cranial base, maxilla and mandible were digitized on 330 lateral cephalograms from 
ages 6-16 (n=33). Generalized Procrustes analysis was performed on the longitudinal data 
sample. Principal Component, Discriminant Function and Two-Block Partial Least 
Squares analysis were assessed against changes in individual structures to determine if 
changes in the maxillary, mandibular or cranial base are related to changes in shape of the 
overall craniofacial form. 
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Results:  
PCA shows that the first six principal components account for 67.7 – 77.0% of the 
observed shape variance in each region and 56.0% of the whole form. Multivariate 
regression analysis predicts the shape of the entire craniofacial complex at 16 years old 
based on the shape observed at 6 years old with 94% certainty. An intraclass correlation 
coefficient of 0.98 confirms reliability. 
Conclusion:  
Morphometric analyses indicate that changes in maxillofacial morphology during skeletal 
maturation are linear. The shape of the craniofacial complex does not change 
significantly and growth pattern is maintained. Our model can predict the craniofacial 
shape at 16 years of age based on the shape observed at 6 years of age. 
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Review of the Literature 
 
 
History of Growth and Development Studies in Orthodontics 
 
A comprehensive understanding of craniofacial growth and development is 
integral in orthodontic treatment planning and attaining excellent clinical results.  The 
ability to accurately anticipate a patient’s mature skeletal and occlusal presentation by 
identifying cephalometric patterns in early childhood has significant implications in 
orthodontics.  If the orthodontist can identify a predisposition for a vertical or horizontal 
growth then the treatment plan can be approached with a more accurate understanding of 
the desired end point. This can only serve to benefit the patient. 
The notion of assessing facial and skeletal patterns and estimating the remaining 
growth potential as part of orthodontic treatment planning is not novel.  The dynamic 
relationship between apposition and resorption during bone modeling has undergone 
thorough investigation by the likes of Bjork, Ricketts’ and Enlow. Classic literature by 
Enlow and Harris investigating facial growth reported on the sequence of remodeling and 
growth of the developing craniofacial complex (Enlow and Harris, 1964). Post-natal 
growth changes occur at growth sites, including the sutures nasomaxillary complex and 
synchondroses of the cranial base. The cranium develops by a tension-adapted sutural 
growth process – the bones of the cranial floor and the calvaria are connected by sutures 
and are passively displaced outwardly as the brain expands. In the nasomaxillary 
complex, there are eleven sutures: frontonasal, frontomaxillary, nasomaxillary, 
frontolacrimal, zygomaticomaxillary, zygomaticosphenoidal, zygomaticotemporal, 
ethmofrontal, ethmomaxillary, pterygopalatine and vomer. The spheno-ethmoidal and 
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spheno-occipital synchondroses undergo growth changes by intramembranous 
ossification until 3-5 years and 12-15 years of age, respectively, when fusion of the 
sutures is complete. Moss described this dynamic growth process, dubbing it the 
Functional Matrix Theory, asserting that the development of cranial skeletal elements and 
their subsequent changes in size, shape and location are compensatory responses to the 
demands of their related non-skeletal cells, tissues, organs and operations volumes (Moss 
and Salentijn, 1969). During the first decade of growth the mandible is retrognathic 
relative to the rest of the maxillo-facial complex but undergoes continued growth and 
remodeling by apposition and resorption. The capsular matrix responds to growth related 
changes in the periosteal matrix, specifically increase in neural tissue volume, with 
proximal resorption and distal apposition of perisoteum after the individual bones of the 
calvaria-the frontal, parietal, temporal and occipital bones, connected by sutures, are 
passively displaced outwardly. Post-natal changes in the craniofacial size and shape are 
proportionally greater in the cephalo-caudal direction, cessation of skeletal changes occur 
first in the cranium, followed by the maxilla and finally in mandible. As these forces 
carry the maxilla inferiorly and anteriorly from the cranial base, deposition occurs at the 
sutural margins superiorly and posteriorly, keeping the bone-to-bone contact intact. This 
change in maxillary position is called secondary displacement, because the change in 
bone position is secondary due to growth of another bone to which it is attached.  
The mandible also goes through secondary displacement, downward and forward, 
presumably by the force of the expansive capsular matrix, creating a space. The 
displacement creates a space and bone ‘fills in’ by endochondral growth mechanism in 
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the region of the condyle. Mandibular growth during the prepubescent and adolescent 
periods occurs primarily at the condylar and the gonial regions. Condylar growth and 
modeling takes place at the posterior and superior aspects of the condylar head by 
endochondral ossification of secondary condylar cartilage, resulting in their anterior 
displacement. This was definitively reported by Bjork’s following his landmark 
longitudinal investigation of facial growth (Bjork 1955).  Bjork employed the endosteal 
implant as a marker in the jaws of 200 subjects, ages 4-24 years old.  By means of 
superimposition, sites of resorption and apposition were identified, and the structural 
changes that occur as growth and maturation proceeds were determined.  Growth at the 
condyles exhibits variability in direction, and while it frequently occurs in a linear 
direction, Bjork reported a variation of close to 45 degrees among subjects during the 
adolescent period.  Significant growth does not occur at the anterior chin, with apposition 
at the posterior aspect of the symphysis acting as the primary contributor increasing the 
symphyseal antero-posterior dimension. Patterns of mandibular growth, modeling and 
remodeling are of special interest to the orthodontist as the final position of the mandible 
determines the occlusal plane, bite depth and the ratio of anterior face height to posterior 
face height (AFH:PFH).  
The structural method of growth prediction developed by Bjork is based on data 
acquired from mandibular implant studies carried out in 1950’s and 1960’s. Bjork 
recognized three types of forward growth rotation and two types of backward growth 
rotation and the implications of each on the maxillo-mandibular relationship, vertical 
sensitivity and position of the chin. Evaluating lateral head films of “about 100 children 
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of each sex with and without malocclusion” at ages 12 and 20, Bjork identified seven 
structural signs on sagittal cephalograms to suggest identification of mandibular growth 
rotation: (1) inclination of the condylar head, (2) curvature of the mandibular canal, (3) 
shape of the lower border of the mandible, (4) inclination of the symphysis, (5) 
interincisal angle, (6) interpremolar or intermolar angle, and (7) anterior lower face 
height (Skieller et al., 1984). These signs are merely indicators of potential mandibular 
growth rotation. The greater the number of signs present in an individual the more 
reliable the prediction, however it is possible to observe structural signs of both vertical 
and sagittal type growers in the same individual. Bjork’s structural method of 
superimposing lateral headfilms on endosteal implants to predict growth rotation is both 
impractical and unreliable.  
Ricketts analyzed mandibular growth and rotation in 50 subjects with Class II 
malocclusion, reporting differences in facial growth and behavior in patients with similar 
malocclusions and identical treatment approaches (Ricketts 1957).  He observed that the 
facial response to orthodontic treatment among patients with similar malocclusions varied 
– chin position moved anteriorly, inferiorly or posteriorly relative to the cranial base.  
The movement of the condyle during growth was reported in 40% of the Class II cases 
treated by Ricketts - 13% of the subjects exhibited 1-2 mm of mandibular movement in 
the antero-inferior direction, while in 27% of the cases, the condyle was more seated and 
better centered in the fossa, demonstrating movement in the posterior and superior 
direction by 1-2 mm. Posterior repositioning of the condyle during treatment resulted in 
opening of the condylar axis and inferior and posterior movement of the chin.  The 
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different responses to similar treatment were attributed to subjects’ individual growth 
patterns, influenced by changes in the cranial base (NSBa), amount and direction of 
condylar growth and the direction of condylar movement. Utilizing facial growth data 
obtained during orthodontic treatment of Class II patients, Ricketts developed a method 
for estimating amount and direction of growth of cranial base and mandible.3 Using a 
sample of 50 Class II treated patients Ricketts observed the movement of the condyle, 
growth amount and direction and concluded that the condylar position moved in an 
inferior and anterior direction in Class II patients that underwent orthodontic treatment.  
Because rotation and changes in mandibular position were observed in treated Class II 
cases only and not in the untreated Class I or II or treated Class I control group (n=17) 
Ricketts concluded that the changes observed in the treated Class II group were due to 
mandibular repositioning rather than genuine changes in the vector of mandibular growth. 
Unlike the landmark studies of Bjork and Ricketts, which included subjects 
treated orthodontically, contemporary studies investigating craniofacial changes during 
growth and skeletal maturation exclude all subjects who received any type of orthodontic 
or dentofacial orthopedic treatment. Thordarson et al studied lateral cephalometric films 
in 95 males and 87 females and observed age-related changes in craniofacial morphology 
from 6 to 16 years of age (Thordarson et al., 2010). The materials for this study were 
collected at the Faculty of Odontology, University of Iceland, during the periods 1987–
1988 and 1997–1998. The largest increase observed in mandibular prognathism, the 
mandibular plane angle and the inclination of the lower incisors. The investigators 
confirmed increase in mandibular prognathism and mandibular plane angle and decrease 
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in sagittal jaw relationship (ANB), indicating anterior repositioning of the mandible in 
males and females between ages 6 and 16 years old. These results are consistent with 
earlier studies reporting the greatest increase in mandibular dimension to be the 
maximum mandibular length, measured from condyle to pogonion. Apposition at the 
superior and posterior aspects of the condylar heads contributes to an increase in 
maximum mandibular length.  It should be noted that modeling does not occur at the 
anterior symphysis, thus changes in pogonion do not contribute to Co-Pg length during 
maturation of the craniofacial complex.  
As previously discussed, the majority of mandibular growth and modeling 
following early childhood takes place at the condylar heads. Contemporary studies have 
employed methods of assessing growth potential by deriving mean annual condylar 
growth velocities and growth curves.  Buschang et al., derived growth data pertaining 
exclusively to condylar growth from the French-Canadian longitudinal sample collected 
by the Human Growth Research Center at the University of Montreal (Buschang et al., 
1999).  Change in condylion position, representing growth of the condyles, was described 
using serial lateral cephalograms acquired annually for a period of ten years from a total 
of 221 orthodontically untreated, healthy male and female subjects ages 6 to 16 years old.  
Radiographs were superimposed on natural reference structures in the mandible per the 
method of Bjork et al, which are consistently used in orthodontic literature.  The 
cephalometric tracing is superimposed on the following stable structures: (1) anterior 
contour of the chin, (2) inner contour of the cortical plate at the lower border of the 
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symphysis, (3) distinct trabecular structures in the symphysis, and (4) contour of the 
mandibular canal. 
A two-level polynomial model was used to estimate the average shape of the 
growth curve.  Females showed a more complex, 5th order growth curve than males who 
demonstrated a 4th order growth curve. Moreover, males exhibited greater variation 
between subjects.  It was observed that the pattern of condylar growth is analogous with 
somatic growth, slowing in childhood, increasing at adolescence to a peak velocity 
followed by rapid deceleration of growth.  The start of condylar growth acceleration 
occurred approximately 1 year earlier in females at 8.5 years old, lasting only 3 years as 
compared to 5 years in males.  Growth rates in females did not exceed those observed in 
males and approximately 25% of female subjects exhibited negative condylar growth at 
15.5 years old.  Most notably, there was a pronounced individual variation in condylar 
growth.  Buschang et al. aimed to aid the clinician in identifying patients whose treatment 
need is more urgent based on where they fall on the incremental growth chart as well as 
assess growth potential and treatment outcome.  
The condylar growth reference data discussed above did not address mandibular 
rotation or growth beyond the condyles.  Using the French-Canadian sample from the 
University of Montreal, Buschang and Gardini evaluated the lateral cephalograms of 79 
females and 107 males at 10 and 15 years old (Buschang and Gardini, 2002).  Using the 
superimposition method previously discussed, condylar growth and mandibular modeling 
were quantified and assessed for sex differences.  It was confirmed that the greatest 
change in condylar position occurs in the superior direction, however the direction could 
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be variable depending on the deflection, which appears to be dependent on the rotation. 
The authors assessed six points along the ramus, starting superiorly from the condylion, 
and continuing inferiorly to the posterior ramus, articulare, inferior ramus, gonion and 
posterior corpus. The magnitudes of change observed along the posterior border of the 
ramus decreased from superior to inferior with inferior corpus showing the least amount 
of change. Landmarks associated with the bony chin-pogonion, gnathion and menton-
repositioned inferiorly, while B point and symphysis, defined as the most posterior point 
on the symphysis, modeled in superiorly. While the ramus exhibited the greatest posterior 
and superior modeling, it also showed the most variation. Mandibles, as measured from 
condylion to posterior corpus, that showed the most superior growth and remodeling 
demonstrated the greatest amount of forward rotation and inferior displacement. Rami 
that underwent the most posterior modeling demonstrated the most anterior mandibular 
displacement. Moreover, growth and modeling of the ramus and apposition at the 
symphysis were significantly greater in males; greater resorption at point B was observed 
in females.   
 Four multivariate components, vertical ramus (VR), horizontal ramus (HR), vertical 
modeling of the mid-symphysis (VMS), and the alveolar factor (ALV) were associated 
with mandibular rotation and displacement. Buschang and Gandini ascertained that the 
multivariate components affecting mandibular modeling and rotation are: Vertical 
Ramus, Horizontal Ramus, Vertical modeling mid-symphysis, and the alveolar factor. 
These components were identified using the method of Principal Component Analysis 
(PCA), a statistical multivariate technique which identifies variables, termed Principal 
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Components, that contribute to the observed changes and prioritizes them order of 
decreasing importance, specifically identifying the amount of variance each component 
contributes. Each PC describes a specific shape pattern, i.e., anteroposterior dimension, 
vertical dimension, etc, which is not statistically related to other PC’s and represents part 
of the variance of the sample. The variability of every point along the x,y axis is 
incorporated into each PC, with each point being weighed differently in each PC.  The 
authors identified 6 PC’s, with the first 3 factors - VR, HR and VMS - accounting for the 
majority of the observed changes. The following relationships of modeling and 
rotation/displacement were recognized: (1) vertical growth and modeling (VR) was 
associated with forward rotation and anterior and inferior displacement; (2) horizontal 
growth and modeling (HR) of ramus indicated forward rotation and horizontal anterior 
displacement and; (3) VMS factor was related to vertical modeling of the mid-symphysis 
region and was observed in subjects who demonstrated the greatest forward rotation; (4) 
ALV factor isolated the horizontal and vertical modeling at point B and was negatively 
associated with vertical mandibular displacement, indicating that the greater the 
magnitude of inferior mandibular displacement, the more superior and less posterior point 
B remodeled. 
 Subjects classified as “forward rotators” exhibited greater superior and more 
anteriorly directed condylar growth as well as greater superior-posterior modeling of the 
gonial region of the ramus. Inferior displacement of the mandible was associated with 
superior growth while anterior displacement was noted with posterior growth; anterior or 
inferior displacement occurred with forward rotation of the mandible. It follows that 
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forward rotators classically present with smaller gonial angles that further decrease 
during growth. The investigators looked for relationships between growth and modeling 
changes of corpus and ramus and found that horizontal and vertical changes in the ramus 
were independent of one another; likewise, growth and modeling of ramus and corpus 
were also not related.  
 Several studies have demonstrated multilevel models to be effective in analyzing 
mixed longitudinal craniofacial data. Briefly, multilevel modeling allows the investigator 
to analyze individual and average longitudinal cephalometric growth data by fitting a 
polynomial that estimates growth. Multilevel models can be generated to describe both 
individual and average growth of virtually any form due to the flexibility of this useful 
tool. Longitudinal growth curves based on multilevel models can describe the population 
and individual subjects can be fit into the population growth curve, suggesting that 
multivariate growth curves may be significant in craniofacial growth prediction. Chvatal 
et al., recorded five measurements: 1. Mandibular Plane Angle (SN-GoMe), 2. Me-X, the 
horizontal movement of menton, and 3. Me-Y, vertical movement, of menton, both 
measured from sella, 4. Me-Θ, an angular movement of menton measured from SN plane 
and lastly 5. Me-R, the linear distance menton moves with respect to sella (Chvatal et al., 
2005). Growth changes were modeled using multilevel statistical methods and individual 
growth curve shapes were approximated using 2-level polynomial models. This model 
analyzes each individual subject based on their deviation from the average growth curve 
and has the ability to generate a unique growth curve for each subject based on the 
observed deviations.  
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 Additionally, Chvatal’s cephalometric analysis revealed that menton is repositioned 
anteriorly during childhood, resulting in a flattening of the MPA. During adolescence 
there is an increase in Me-Y, indicating inferior positioning of menton and an increase in 
Me-Θ. The effectiveness of the multilevel model in growth prediction was tested using 
cephalometric data from subjects aged 6 to 10 years old. Models were used to predict 
craniofacial growth changes from ages 10 to 15 years old. Based on correlations, root 
mean squared error and percent accuracy, individual growth prediction for the five 
recorded measurements were found to be highly accurate on an independent subsample 
drawn from the larger sample and on an independent validation sample. The authors 
observed that subjects with the largest values at 10 years old showed the greatest yearly 
growth increase for MPA, Me-X, Me-Y, Me-Θ and Me-R. Prediction accuracy was 
greatest for Me-R and Me-Y, which demonstrate the largest change during the prediction 
period (6-15 years old). Additional longitudinal data improved the prediction accuracy of 
models that proved to be the most inaccurate, Me-X, Me-Θ and MPA, from 1.6%-15%.  
The investigators were confident that population and individual growth curves could be 
accurately described using the multilevel polynomial models. Moreover, Chavtal et al 
reported an accurate and externally valid method of 5-year growth predictions. 
 
Limitations of Conventional Cephalometric Analysis in Orthodontics 
 
 Thus far, this discussion has focused on mandibular growth assessment and 
prediction using conventional cephalometric analysis (CCA), the traditional landmark 
based technique employed almost universally by orthodontists. CCA relies on the anterior 
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cranial base as the stable reference structure for orientation and superimposition against 
which all measurements are made. Traditional cephalometry routinely uses linear 
distance measurement, angular measurements, areas of triangles and ratios to analyze 
craniofacial form and patterns of skeletal growth. While CCA is a utilitarian tool, there 
are numerous limitations and problems inherently associated with this approach. The 
most apparent and arguably most important disadvantage of this method is the inevitable 
errors in identifying and recording landmark structures. Baumrind and Frantz published a 
three-part investigation on the subject of reliability of measurements made on lateral 
cephalometric radiographs (Baumrind and Frantz, 1971). The investigators characterized 
two classes of error in lateral cephalometry: errors of projection and errors of 
identification. The former results from the method of image acquisition; the lateral head 
film is a shadow of a three-dimensional object represented in two dimension. The rays 
project from a small source in a non-parallel manner resulting in magnification 
distortions – different parts of the image are enlarged to different degrees, depending on 
the plane at which the landmark lies. Errors of identification result from imprecise 
identification of landmarks. Baumrind and Frantz determined that Sella, Nasion, Menton, 
A point, Pogonion, Orbitale and to a lesser degree B point, are reliable landmarks with a 
low mean estimating error. The upper Gonion and lower Gonion, representing left and 
right gonial angles, respectively, were found to be the least reliable with the highest mean 
estimating error. While anterior cranial base landmarks have been shown to be reliable, 
even small changes or errors in identifying these structures compromise its validity as a 
stable reference structure when analyzing changes in the same patient (Baumrind et al., 
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1976). Because the cranial base is not a stable structure across patients, the 
superimposition method cannot be utilized when assessing changes in craniofacial shape 
among a population sample. When analyzing maxillary anteroposterior growth, an 
increase in the ANS-PNS dimension does not indicate the positional growth of the 
maxilla relative to the cranio-maxillofacial complex. Many widely-used landmarks in 
classic cephalometric analyses such as Downs and Steiner use “A point” and “B point” to 
classify maxilla-mandibular relationship, however the location of these landmarks can 
vary depending on the subject’s head posture during radiograph acquisition. While 
clinicians aim to record cephalograms in natural head position, the use of a cephalostat 
renders this impossible and results in misrepresentation of the true clinical condition. 
Lastly, as a result of the overabundance of various analyses, it is difficult to maintain 
objectivity with conventional cephalometric analysis. The investigator can select 
variables and analyses that preferentially demonstrate the desired craniofacial patterns 
and relationships one hopes to observe. Even the most impartial investigator will 
encounter obstacles using conventional cephalometric analysis to describe and diagnose 
the facial skeleton because numerous measurements are required for comprehensive 
analysis. Due to the complexity and irregularity of the craniofacial structure, 
interpretations of these measurements frequently conflict with one another.  Although 
CCA has numerous limitations regarding its diagnostic value and usefulness in shape 
analysis, it persists as the primary clinical method of assessing craniofacial form due to 
ease of use and readily available referent data complete with racial norms.  
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Geometric Morphometrics 
 
 Henceforth, the authors will shift focus to alternative landmark-based techniques of 
form and shape analysis. Geometric morphometrics, a quantitative method to assess form 
and shape, has been trending in recent orthodontic literature as a potential alternative or 
auxiliary method for cephalometric diagnosis in orthodontic diagnosis and treatment 
planning (McIntyre and Mossey 2003).  The term is derived from the Greek words for 
shape (‘morph’) and measurement (‘mentron’) and has been used in the numerous 
branches of biologic study. It first appeared in modern academic literature in 1917, in 
“On Growth and Form” a book on the subject of mathematical biology by D'Arcy 
Wentworth Thompson, discussing many subjects, such as the effects of scale on the 
shape of animals and plants, and phyllotaxis, the numerical relationships between spiral 
structures in plants, and its relationship to the Fibonacci sequence (Thompson, 1917; 
Richards, 1955). Thompson, in turn was inspired by “Four Books on Human Proportion” 
by Albrecht Dürer, an artist and theorist of the German Renaissance (Dürer, 1525). 
Morphometrics employs a mathematical, statistical approach to analyzing changes in 
shape, thus the central component of morphometrics is a mathematically based definition 
of shape. Shape as defined by David Kendall is “all geometrical information that remains 
when location, scale and rotational effects are filtered out from an object” (Kendall, 
1984). Degrees of freedom are sequentially removed, as the object is re-scaled to a 
common centroid size and centroid location to a pre-shape space configuration. 
Additional dimensions are lost when 2-D and 3-D configuration spaces are rotated to a 
common orientation. Kendall used tangent shape spaces to project multi-dimensional data 
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– specifically a linear vector space that is tangent to Kendall's shape space. To find the 
optimal rotation, Procrustes distances between pre-shapes located along fibers on the 
surface of the hypersphere are determined. These tangent spaces of the hypersphere 
correspond to the shape of a reference configuration, typically the first landmark 
configuration against which all subsequent configurations are scaled, rotated and 
translated. This is an iterative computational process that lends itself to mathematical 
analysis of complex, multi-dimensional forms (Zelditch, 2004 [chapter 4]). Lele and 
Richtsmeier amended this definition by including reflection in the list of operations that do 
not change shape, stating that “to understand how landmark data can be used for statistical 
analysis of biological forms, we need to … consider the mathematical definition of “form” …of 
an object … that characteristic that remains invariant under any translation, rotation, or reflection 
of the object” (Richtsmeier et al., 2002). It follows that translation, rescaling, rotation and 
reflection are not factors that alter shape, and as such, any other operation not included in 
this list will have an effect on shape.  
 Several sophisticated geometric morphometric techniques have been developed 
which can generate precise shape information if the pertinent forms are scaled to 
equivalent size prior to analysis.  These landmark-based techniques include Procrustes 
superimposition, Euclidean distance matrix analysis (EDMA), thin-plate spline analysis 
(TPS), finite element morphometry/finite element scaling analysis (FEM/FESA), and 
elliptical Fourier functions (EFF). Unlike CCA, which relies on registration and 
superimposition to derive algebraic measurements describing shape, the morphometric 
approach utilizes complex mathematical and statistical models, eliminating dimensions 
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and the need for superimposition on “stable structures” (Lele and Richtsmeier, 1991). All 
shape comparison is between matching configurations of landmarks, hence any observed 
changes in spatial relationship of landmarks are due to shape change alone. As such, 
landmark selection is of utmost importance and landmarks chosen according to the 
following stringent criteria: (1) homologous anatomical loci that (2) do not alter their 
topological positions relative to other landmarks, (3) provide adequate coverage of the 
morphology, (4) can be found repeatedly and reliably, and (5) lie within the same plane. 
 
Generalized Procrustes Superimpositon Analysis 
 
 This investigation employs the Generalized Procrustes Analysis to assess shape 
variation during growth within and among individuals and attempts to predict skeletal 
growth pattern. In the interest of a comprehensive discussion, the author will also 
comment on Euclidean distance matrix analysis (EDMA). To compare shapes using 
Procrustes superimposition the location of the geometric center - the centroid - of each 
form must first be determined. The centroid represents the center of gravity of the shape 
and is the arithmetic mean position of the X and Y coordinates of all the landmarks that 
make up the shape, referred to as a configuration matrix or configuration space.  A 
configuration matrix is a K x M matrix of Cartesian coordinates that represents an entire 
configuration of landmarks where K is the number of landmarks in M dimensions. This 
investigation will analyze planar, e.g., 2-dimensional, shapes and thus for the purposes of 
this discussion, M = 2. Once the centroid is known, the centroid size - the square root of 
the sum of the squared distances of each from point to the centroid - can be determined. 
Using the centroid size, the configurations under comparison can be adjusted to the same 
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scale, eliminating the variable of size. Procrustes superimposition algorithms are then 
used to superimpose the centroids of each configuration and iteratively rotate them to 
minimize the squared differences between the landmarks of the configurations – the least-
squares algorithm. Shape measurement entails calculating the average shape of the 
population, called the consensus and estimating the variability of the shape. The 
consensus is determined by calculating the mean x and y coordinates for each landmark. 
To determine the shape variance of each landmark in a configuration, the Procrustes 
residual is calculated as the distance between the location of the landmarks of each form 
and the position of the landmark in the consensus, the “average” position of the 
landmark. The Procrustes residuals can be plotted to demonstrate the shape variance of a 
configuration matrix; simply stated, the differences between the average landmark and 
that of each form can be visualized on a scatter plot to demonstrate the variability of the 
sample around the mean.  
Principal Component Analysis 
 Shape variance can then be statistically analyzed using PCA, previously 
discussed, to explain the majority of variance in the shape data in the fewest number of 
dimensions. PCA finds a new coordinate system to visualize variance in the data by 
rotating the normal regression. The main axis of variance, the first principal component, 
is horizontal and subsequent PC axes are orthogonal to PC1. The Principal Components 
are ordered to explain sequentially less variations – the first component represents the 
greatest amount of variance and the last component represents the smallest part. It is 
important to note that while PCs are purely statistical in origin and do not describe 
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biological patterns. The following characteristics of PCs are relevant to this discussion: 
PCs are not statistically related to one other; each PC represents part of the variance of 
the sample; each component is a linear combination of all the original landmarks, but not 
every variable contributes the same amount to each PC. To illustrate this point, assume 
that a given PC represents an antero-posterior shape pattern, relative to the landmarks 
ANS-PNS.  The variability of ANS and PNS along the x-axis would have a higher 
weight, referred to as loading, than the variability along the y-axis. 
 Procrustes superimposition analysis, along with other geometric morphometric 
methods, is being increasingly used to assess shape variability in craniofacial biology by 
quantitatively visualizing differences in spatial relations of anatomical structures.  Bastir 
et al. applied Procrustes and the partial least squares analysis (PLS) to evaluate the 
validity of Enlows “balloon model” – a morphological prediction model of craniofacial 
skeleton (Bastir et al., 2008). Briefly, the balloon model predicts development of a 
dolicocephalic skull in subjects who demonstrate little lateral growth expansion, resulting 
in narrows faces and increased anterior face height along with an elongated and narrow 
braincase and a weakly flexed basicranium. Increased lateral growth expansion results in 
“bilateral stretching” of the balloon, resulting in a brachycephalic craniofacial pattern – 
short face height, increased facial with short basicranium. Lateral and PA cephalograms 
of 20 males and 21 females were traced and analyzed using Procrustes and PLS analysis 
as well as thin-plate spline (TPS) transformation. Very briefly, thin-plate spline 
transformation is an analysis of shape change using the theory of surface spline 
interpolations to represent a map modeling the biological homology of landmark pairs 
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(Bookstein, 1989; Bookstein, 1991). The term “spline” refers to a smooth piecewise 
polynomial function, which gets its name from the draughtsman’s instrument used to 
draw curves. The TPS function is commonly referred to as the “bending energy” and 
visualizes the displacement as each landmark pair as a deformation on an infinitely “thin” 
sheet of metal, the thin plate. The amount of deformation around a landmark pair on a 
TPS grid – the bending energy of the metal plate – visualizes the shape changes which 
can be statistically analyzed using multivariate statistical techniques based on the 
matrices of partial-warp scores (Lux et al., 2001).  
 The authors confirmed the validity of Enlow’s balloon model in the area anterior to 
the petrosals; however, the posterior part of the cranium appears to be unrelated to 
variation in facial morphology and anterior basicranial flexure, and therefore likely 
develops by an independent mechanism36.  The influence of the shape of the lateral and 
midline basicranium on facial shape has also been investigated using geometric 
morphometrics. Bastir and Rosas assessed patterns of morphological covariation between 
the face and the midline basicranium and the face and the lateral basicranium using PCA, 
the PLS analysis and 2D morphometrics (Bastir and Rosas, 2006). Overall the authors 
were able to conclude that facial morphology was not significantly related to the midline 
basicranial patterns. Bastir and Rosas did report significantly higher correlation between 
the lateral basicranium and the face – shallow lateral cranial base correlated with long-
face patterns while deeper lateral basicranium was associated with a short-face pattern 
(Bastir and Rosas, 2006). This study did not include severe class II or class III subjects 
and the authors conjecture that if severe skeletal malocclusions were not excluded higher 
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correlations would have been observed between morphologies of the lateral basicranium 
and the face.  
 Halazonetis demonstrated the apparent utility of geometric morphometrics in 
cephalometric diagnosis with a sample of 150 pre-treatment cephalograms obtained from 
private orthodontic practice (Halazonetis, 2004). Lateral cephalometric radiographs were 
traced using 15 landmarks and superimposed using Procrustes method.  Shape variability 
was assessed and a total of 8 principal components of shape variability identified. Of 
these, the first 3 PC’s – PC1 representing skeletal pattern divergence, PC2 representing 
maxillary antero-posterior position and PC3 relating to the gonial angle – incorporated 
more than 57% of the variability and nearly 70% of the variability was integrated in to 
the first 5 principal components. Thus, as reported by Halazonetis, skeletal pattern and 
the factors influencing skeletal shape were identified and sequenced in order of most to 
least influential (Halazonetis, 2004). Patterns of shape change associated with each 
principal component were visualized by warping the average shape along the PCs in the 
positive and negative directions by a value of three standard deviations. The author feels 
a responsibility to state that while Halazonetis and others (i.e., Neha, 2015) have used this 
method to purport associations between principal components and the sagittal and 
vertical dimensions, the PC’s are mathematical constructs not based on biological 
principals (Rohlf and Bookstein 1988). No substantial validation of the warping method 
presently exists in the morphometric literature, thus while this study will analyze the 
principal components of the shape data, the author will refrain from assigning biological 
significance or characteristics to the PCs.   
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 Generalized Procrutes superimposition can be applied to evaluate average facial 
shape. However, it has been reported that different commercial software use different 
approaches and frames of reference for defining shape scaling in the Procrustes method 
and yield significantly different results. Additional advantages of Procrustes 
superimposition analysis over traditional cephalometric analysis include the ability to 
assess shape and shape variation as a whole rather than as discrete angular and linear 
measurements. However, in addition to the limitations previously mentioned, Procrustes 
does not readily produce information regarding the extent of variation that occurs at a 
particular landmark.  The least-squares algorithm has a tendency to distribute variance 
equally across all landmarks; as such variance may be artificially decreased at some 
landmarks and increased at others relative to the true incidence of variance.  PCA data 
generated with Procrustes describes relative variation of the whole shape, i.e., 
craniofacial skeleton, but because all size and distance data are omitted, Procrustes PC’s 
do not localize the particular landmarks responsible for observed shape variation.  
 Physical and biological anthropology, anthropometry and other scientific 
disciplines such as craniometrics have employed geometric morphometric methods to 
study various aspects of biologic shape and infer relationships between shape, structure 
and function. There is an emerging trend in ergonomic and orthopedic literature 
investigating form using shape data. Ball et al., used Principal Component Analysis and 
Generalized Procrustes Analysis on three-dimensional anthropometric dense surface data 
to quantify and characterize differences between Caucasian and Chinese head shapes 
(Ball et al., 2010). The authors determined that there are significant variations in head 
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shapes with Chinese heads being rounder with a flatter back and forehead than Caucasian 
heads. The findings have the potential to be applied across many disciples, such as design 
of protective headgear, eye protection and even cranial surgery and therapy.  
 Sexual dimorphism in cranial shape has also been studied using three-dimensional 
data and assessed using geometric morphometrics.  Hennessy et al sought to elucidate the 
relationship between facial morphogenesis and cerebral morphogenesis and cognitive 
function (Hennessy et al., 2002, 2005). The authors used facial shape analysis and 
cognitive tests in male and female subjects, inferring that due to the close embryologic 
relationship of the face and the brain in fetal development, cerebral and facial 
morphology and hence neurologic function are inextricably linked. The geometric 
morphometrics techniques used in these studies reliably discerned characteristics of facial 
morphology associated with aspects of cerebral morphology.   
 To date, craniofacial growth prediction has been attempted using PCA and 
conventional cephalometric analysis, however no studies utilizing PCA along with 
Procrustes superimposition or Euclidian distance matrix analysis have been reported.  To 
reiterate, our aim is to develop a craniofacial and dento-skeletal growth prediction model 
using the following methods of geometric morphometrics: Generalized Procrustes 
Analysis, Principal Component Analysis, Discriminant Function Analysis, Two-Block 
Partial Least Squares Analysis, and Regression Analysis. Our hypothesis is that there are 
meaningful correlations and covariations among craniofacial landmarks, and by 
identifying these landmarks with serial cephalometric radiographs of growing subjects, 
we will be able to develop a prediction algorithm which will allow the clinician to 
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accurately predict patients’ craniofacial growth patterns using a single lateral 
cephalogram. 
 
Hypothesis and Objectives 
 
 We hypothesize that meaningful correlations exist among craniofacial landmarks, 
that there are patterns which, when elucidated can be utilized to predict the mature 
skeletal and dental relations.  We believe that measurements of shape variability over 
time will allow us to develop a prediction algorithm using means of Generalized 
Procrustes Analysis, Principal Component Analysis, Discriminant Function Analysis, 
Two-Block Partial Least Squares Analysis, and Regression Analysis.  We hope to 
identify the manner in which specific structures change over time, specifically, 
identifying the principal component whose changes contribute the most to overall 
structural shape change. This will be a valuable adjunct in early diagnosis and treatment 
planning. We hope that this model will aid in identifying the population of patients that 
will greatly benefit from early, interceptive orthodontic treatment and will decrease the 
need for more aggressive treatment, such as orthognathic surgery, when the patient 
reaches skeletal maturity.  
The aim of this study is to derive a model of growth prediction by analyzing changes in 
cranial base, maxilla and mandible over time in growing patients utilizing geometric 
morphometrics. Ultimately, we hope to predict mature dentoskeletal pattern using a 
prediction algorithm developed by means of principal component analysis. The null 
hypothesis is there is no correlation between craniofacial shape at age six and craniofacial 
at age sixteen and that no significant linear growth relationship exists between ages six 
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and sixteen years old.  
 
Our Specific Aims are: 
1. Determine the principal components describing craniofacial shape changes 
2. Determine similarities in shape variation occurring during development 
3. Correlate observed shape variation during early development to variations observed 
at skeletal maturity  
4. Develop a model for growth prediction of the craniofacial complex 
 
Materials and Methods 
 
Sample Selection 
 
This is a retrospective study using sagittal cephalograms of 30 subjects age 6-16 
years old. Subjects were chosen from the Forsyth Institute Twin Sample (BU IRB 
repository #H-31945), a repository of 533 registered families and over 13,000 sets of 
records collected from twins and triplets as well as their immediate family members 
taken between 1959 and 1975. All radiographs were previously de-identified. The 
subjects were selected based on conventional cephalometric analysis (CCA) 
measurements using the Steiner Mandibular Plane Angle (SN-GoGn); subjects within one 
standard deviation from the racial cephalometric norm for vertical facial relations were 
selected for analysis. Due to the normal variability in Sella position relative to the apical 
bases across subjects and the inability to accurately identify anatomical porion location 
sagittal relations were not considered during sample selection. Assessment of the antero-
posterior relationship relative to the Frankfort Horizontal plane as part of the subject 
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qualification criteria is desirable to ascertain the normal skeletal pattern of the sample in 
vertical and sagittal planes of space. Cephalometric radiographs for subject inclusion 
were analyzed at 12 years old – the average age orthodontic patients begin treatment. All 
subjects have good quality lateral cephalometric radiographs including one obtained at 
age 6 and every year until age 16.  Subjects with any previous history of orthodontic 
treatment or growth modification appliances were excluded. Subjects with any congenital 
malformations or syndromes were also excluded from the study. In cases of monozygotic 
twins only one twin was included in the sample, however in cases of dizygotic twin pairs, 
both twin were included if they met all other inclusion criteria. Of the thirty-three 
subjects analyzed, twenty-five were unrelated and eight shared the genetic likeness of 
siblings. The author is also compelled to mention that several outliers were discovered 
during the analysis and were subsequently excluded from the final sample. 
This design of this study did not necessitate a control sample. Moreover, 
geometric morphometric methods do not lend to the use of a traditional power analysis to 
determine an adequate sample size for a given degree of confidence. According to 
Klingenberg, the sample size should be much larger that the number of landmarks chosen 
to define a landmark configuration (Klingenberg, 2016). The number of specimens should 
be twice the number and three times the number of landmarks for two-dimensional and 
three-dimensional data, respectively, although Klingenberg encourages two to three times 
this minimum number. The lower limit of the number of specimens required for our 
study, given thirty-nine landmarks defining the configuration under investigation, is 
seventy-eight. In this study, we were able to identify thirty-three subjects with eleven 
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time points per subjects for a total of three hundred and thirty specimens, which works 
out to be 4.23 times the minimum number suggested by Klingenberg. Thus, although no 
formal power analysis could be performed, we are confident that the sample size is 
sufficient for the purposes of this study.  
The approval of the Institutional Review Board (IRB) of the Boston University 
Medical Campus was obtained #H-33673. The hard-copy radiographs for the study group 
were digitally scanned using an Epson Expression 11000XL – Photo Scanner (Epson 
America, Inc., Long Beach, CA) with the following settings: Professional Mode, Film, 
Positive Film, 16-bit Grayscale, 300 dpi. Films had to be of sufficient quality (including 
contrast and clarity) to identify all landmarks for the cephalogram to be included.  Under- 
or overexposed films, films containing objects that blocked landmarks (e.g. jewelry), or 
blurry films were excluded from this study. Subjects with radiographs with poor contrast, 
motion blurring, vertical rotation or insufficient quality to accurately identify the 
landmarks listed below were excluded. All images were converted to TPS files using 
TPSUtil software and digitized using TPSDig software (F. James Rohlf, SUNY Stony 
Brook, 2016).  
Landmark Selection and Identification 
The films were digitized and anatomical landmarks identified by a single 
investigator. The landmarks were chosen to outline the cranial base, maxilla and 
mandible such that the morphological structures were represented accurately, reliably and 
consistently across specimens. The landmarks were selected to cover the entire structure 
and with a clear correspondence between landmarks such that they characterize the same 
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aspects of all specimens included in the study. Previous studies of maxilla-facial shape 
using geometric morphometrics were referenced for the selection of landmarks and semi-
landmarks (Halazonetis 2004, Neha 2015, Doumit 2016). The landmarks utilized are 
listed and defined in tables 1, 2, and 3 below.  Semi landmarks were used and are noted 
as such, as well as precisely how they were defined.  
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 Table 1. Lateral Cephalogram Landmarks for the Cranial Base 
Landmark 
  
Definition 
1 
Frontomaxillary nasal 
suture (Fmn) 
Most superior point of the suture where the maxilla 
articulates with the frontal and nasal bones 
2 Supra-orbitale (CB1) Semi-landmark –intersection of the cerebral surface of the orbital roof with the anterior cranial fossa   
3 Temporale (Te) 
Semi-landmark – point where the anterior wall of the 
temporale meets the anterior extension of the sphenoid 
bone  
4 Sphenoethmoidal (Se) 
Semi-landmark – the intersection of the shadow of the 
great wing of the sphenoid and the cranial floor 
5 CB2 Semi-landmark between Se and Ac 
6 
Anterior clinoid process 
(Ac) 
Semi-landmark – most posterior point of the anterior 
clinoid process 
 7 Walkers's point (Wp) 
Mean intersection point of the lower contours of the 
anterior clinoid processes and the contour of the anterior 
wall of sella 
8 Floor of Sella (Si) 
The lowest point on the internal contour of the sella 
turcica 
 9 Posterior clinoid process (Tc) The most superior point of the posterior clinoid process 
10 Sphenooccipital (So)  Semi-landmark – sphenooccipital suture 
11 Basion (Ba) Lowest point on the anterior border of foramen magnum 
12 Articulare (Ar) 
Semi-landmark – intersection of the posterior surface of 
the mandibular condyle and the inferior surface of the 
posterior cranial base 
13 Anti-articulare (Aa) 
Junction between inferior surface of the cranial base and 
the anterior border of the mandibular condyle 
14 
Pterygomaxillary fissure, 
superior (Ptms) 
Semi-landmark – most superior point on the outline of 
the pterygomaxillary fissure 
15 Orbitale (Or)  Semi-landmark – lowest point of the bony orbit 
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Table 2.  Lateral Cephalogram Landmarks for the Maxilla 
Landmark Definition 
16 Anterior nasal spine (ANS) 
The most anterior point on the maxilla at the level of the 
palate 
17 A point (A) 
The most posterior point on the curvature from the 
anterior nasal spine to the crest of the maxillary alveolar 
process 
18 Prosthion (Pr) The most anterior inferior point of the maxillary anterior process 
19 Upper central lingual gingival border (U1) 
Lingual cemento-enamel junction of the upper central 
incisor 
20 Posterior nasal spine (PNS) The most posterior point of the hard palate 
21 Pterygomaxillary fissure, inferior (Ptml) 
Semi-landmark – most inferior point on the outline of the 
pterygomaxillary fissure 
14 
Pterygomaxillary fissure, 
superior (Ptms) 
Semi-landmark – most superior point on the outline of 
the pterygomaxillary fissure 
14 
Pterygomaxillary fissure, 
superior (Ptms) 
Semi-landmark – most superior point on the outline of 
the pterygomaxillary fissure 
22 Mx2 Semi-landmark – point between Or and Ptms bisecting the posterior contours of the zygomatic process  
15 Orbitale (Or)  Semi-landmark – lowest point of the bony orbit 
23 Mx3 Semi-landmark – point bisecting line connecting Or and ANS along zygomatic buttress  
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Table 3. Lateral Cephalogram Landmarks for the Mandible 
Landmark Definition 
24 B point (B) 
The most posterior point on the curvature from crest of 
the mandibular alveolar process to the most anterior point 
on the contour of the chin 
25 Pogonion (Pg) The most anterior most point on the contour of the bony chin 
26 Gnathion (Gn) Most anterior inferior point on the curvature of the bony chin 
27 Menton (Me) Most inferior point on the mandibular symphysis  
28 Md1 Most posterior point on the outer contour of the cortical plate 
29 Lower central lingual gingival border (L1) 
Lingual cemento-enamel junction of the lower central 
incisor 
30 Infradentale The most anterior superior point of the mandibular alveolar process 
31 Md2 Semi-landmarks between Me and R4 on inferior border of body of mandible  
32 Md3 Semi-landmark between Me and R4 on inferior border of body of mandible  
33 R4  Semi-landmark – most superior point on the inferior border of the mandible 
34 Gonion (Go) Most posterior inferior point on angle of mandible 
35 R2  Semi-landmark – point directly opposite to R1 on the posterior border of ramus (Ricketts paper 
12 Articulare (Ar) 
Semi-landmark – Junction between inferior surface of the 
cranial base and the posterior border of the ascending 
rami of the mandible 
36 Condylion (Co) The most posterior superior point on the head of the mandibular condyle (average) 
13 Anti-articulare (Aa) 
Junction between inferior surface of the cranial base and 
the anterior border of the mandibular condyle 
37 Sigmoid Notch (R3) Semi-landmark – point on the deph of the sigmoid notch 
38 Coronoid process (Cp) Most superior point on the coronoid process 
39 Mid Ramus (R1)  The deepest point on the subcoronoid incisure (most concave point on the interior of the ramus) 
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Figure 1. Diagram of landmarks and semi-landmarks 
 
 
 
Figure 2. Diagram of the Cranial Base  
 
 
 
 
		 32	
Figure 3. Diagram of the Maxilla 
 
 
Figure 4. Diagram of the Mandible 
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Geometric Morphometric Analyses 
 
Generalized Procrustes Analysis  
Once all films were digitized and landmarks assigned to specimens, data was 
exported as .csv files and a unified data file was imported into MorphoJ software (C. P. 
Klingenberg. 2011. MorphoJ: an integrated software package for geometric 
morphometrics, v 1.06D. Molecular Ecology Resources 11: 353-357). Procrustean 
algorithms first scaled each configuration listed in Table 1 to a common centroid size, 
then translated to superimpose the centroids and finally rotated to minimize the squared 
differences between each landmark (semi-landmarks were slid along tangent vectors).  
This is known as the least-squares fitting algorithm, also known as the “best-fit” position 
of the configurations.  The Procrustes mean or the consensus configuration and the 
Procrustes residual – the displacement between each landmark and the Procrustes mean 
(Procrustes distance) – were calculated.   
 
Principal Components Analysis 
 
The principal components of shape were analyzed. Principal Component Analysis 
examines the underlying structure of the shape data, re-orients it and finds the vectors 
that represent the most variance in shape, in decreasing order of importance. The use of 
two principal components reduces the number of degrees of freedom, while still being 
representative of the shape.  Analysis of the shape data was performed and plots showing 
the variations in shape were produced (Figure 5).  
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Discriminant Function Analysis  
Discriminant Function Analysis (DFA) was used to determine criteria for 
distinguishing between groups – different time points – in the overall craniofacial 
structure and the substructures that make compose it. A decision rule based on a 
mathematical function that extracts those features of variation that best separate the 
groups can be derived using DFA. This function is used to identify the large differences 
between group means relative to the variation within the groups (Klingenberg, 2016). We 
examined and compared shape by age pairs for all sub-structures and the whole skull 
from year to year to see if there is a certain age for any or all of the structures where the 
difference in shape is significant. Shape at 6 and 16 years old was completed to look for 
significant differences between shape during early development, at six years old and at 
skeletal maturity at sixteen years old.  
Two-Block Partial Least Squares Analysis 
Partial Least Squares (PLS) Analysis is power method to assess the covariation 
between two different sets of shape data. In this study two-block PLS was used to 
determine the covariation between the shapes of two different structures – specifically, 
tests of covariation between cranial base and maxilla, maxilla and mandible and mandible 
and cranial base were completed. The average shape of each substructure, as determined 
by the Generalized Procrustes Analysis, was compared to the remaining substructures, as 
two blocks of data, and shape covariation was determined. This morphometric test was 
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used to determine the degree of covariation of shape change of the cranial base, maxilla 
and mandible.  
Regression Analysis and Multivariate Analysis of Covariance  
The predictive value of our model was assessed with regression analysis. This 
statistical test determines if a meaningful relationship exists between the independent 
variable and the dependent variable – in this study they are the Procrustes coordinates and 
the centroid size, respectively. To avoid imposing any assumptions about the probability 
of distributions of the data, nonparametric regression tests were performed on the shape 
data obtained with Generalized Procrustes Analysis for each individual substructure and 
the whole skull.  
 
Results 
Principal Components Analysis 
Principal component analysis demonstrated that the first 6 principal components 
account for the majority of the shape variance in the sample - between 67 and 77% for 
each individual structure and 56% when we look at the whole skull (Tables 4-5a-d). 
 
Table 4. Principal Component Analysis 
Structure % Variance accounted for by PC 1-6 
Cranial Base 70.59 
Maxilla 77.02 
Mandible  66.74 
Whole Skull 56.0 
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Table 5, a-d. Principal Component Analysis: CovMatrix, 
Procrustes coordinates, outliers excluded 
a. Cranial Base 
 Eigenvalues % Variance Cumulative % 
1 0.00142432 22.29 22.29 
2 0.00119278 18.667 40.957 
3 0.00061085 9.56 50.517 
4 0.00053595 8.388 58.904 
5 0.0003924 6.141 65.045 
6 0.00035447 5.547 70.592 
 
b. Maxilla 
 
Eigenvalues % Variance Cumulative % 
1 0.001665 27.449 27.449 
2 0.0008486 13.99 41.44 
3 0.0007878 12.988 54.427 
4 0.00057909 9.547 63.974 
5 0.00041882 6.905 70.879 
6 0.00037224 6.137 77.016 
 c. Mandible 
 
Eigenvalues % Variance Cumulative % 
1 0.00067827 18.088 18.088 
2 0.00061589 16.425 34.513 
3 0.00042282 11.276 45.789 
4 0.00030431 8.115 53.905 
5 0.0002567 6.846 60.751 
6 0.00022451 5.987 66.738 
 d. Whole Skull 
 
Eigenvalues % Variance Cumulative % 
1 0.0009879 22.339 22.339 
2 0.00052201 11.804 34.142 
3 0.0003795 8.581 42.723 
4 0.00025762 5.825 48.549 
5 0.00023523 5.319 53.868 
6 0.0001825 4.127 57.995 
 
		 37	
Figure 5. PCA plots depicting First Principal Component of (a) cranial base, (b) maxilla, 
(c) mandible and (d) whole skull. 
  
Discriminant Function Analysis  
Discriminant Function Analysis of all sub-structures and the whole skull from 
year to year did not show any significant difference in shape of the sub-structures or the 
whole skull. Specifically, pairwise analysis of shapes at age 6 compared to shapes at age 
7, shapes at age 7 compared to shapes at age 8, and so on until 16 years old did not show 
any significant incremental or gradual shape changes. The purpose of this particular set of 
tests was to identify a particular year when significant shape changes might occur in any 
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one sub-structure or the entire craniofacial complex.  Year to year there were no 
significant differences between any of the sub-structures of the craniofacial complex or 
the whole skull. Shape comparison between six and sixteen years old was completed to 
assess presence of significant differences between pre- and post-pubertal shape of the 
overall maxillofacial complex and the individual substructures that comprise it. From pre- 
to post-pubertal, at six and sixteen years old, respectively, the shapes of the maxilla, 
mandible and cranial base changed statistically significantly, however the shape of the 
overall craniofacial complex did not change (Table 6). It is possible that the observed 
shape differences can be attributed to growth-related allometric changes, with size being 
a factor in shape change during this peak growth period. We can infer that the structures 
that make up the skull undergo growth related changes, but the overall shape is 
maintained. 
 
Table 6. Discriminant Function Analysis, 6-16 Single Age Pair Comparison 
Difference between means Cranial Base* Maxilla* Mandible* Whole Skull 
Procrustes distance 0.056 0.068 0.052 0.066 
Mahalanobis distance  3.43 3.89 5.66 10.59 
T-square   176.60 226.95 480.95 1682 
P-value (parametric) 0.0002 <.0001 <.0001 0.8374 
* Statistically significant 
 
Two-Block Partial Least Squares Analysis 
In this study two-block PLS was used to determine the covariation between the 
shapes of two different structures – specifically, tests of covariation between cranial base 
and maxilla, maxilla and mandible and mandible and cranial base were completed. We 
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determined that the sub-structures do not change shape independently of each other but 
seem to be changing with each other and every structure appears to have an effect on the 
other two in a manner that is linear. 
 
Table 7. Two Block Partial Least Squares  
 RV coeff. % covariance (PLS 1)  Correlation 
CB vs. Md. 0.21 58.11   0.66 
CB vs. Mx. 0.29 47.66 0.67 
Mx. vs. Md. 0.13 53.04 0.55  
 
Regression Analysis 
 
The regression analysis represents the predictive component of this investigation. 
For each structure we can predict with some amount of certainty that based on the shape 
observed at 6 years old, the anticipated shape outcome at 16 years old will be maintained: 
87% of the time we can be confident that the shape of the cranial base seen at age 6 will 
be the shape observed at age 16 for a similar population. For the maxilla we can be 72% 
sure, for the mandible 77% and for the whole skull 94% (Table 8). 
 
Table 8. Regression Analysis  
Structure  % Predicted 
Cranial Base 87.06 
Maxilla 71.88 
Mandible 76.50 
Whole Skull 94.13 
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Statistical Error Analysis 
Intraclass Correlation Analysis 
Sagittal cephalometric radiographs of thirteen percent of the sample were 
randomly selected and re-digitized eight weeks following initial acquisition of 
morphometric data. A total for forty-four specimens re-scaled, re-traced and exported 
using TPSUtil and TPSDig by the same examiner and the coefficient of reliability was 
determined to 98.3%, demonstrating a strong correlation and reliable and consistent data 
acquisition and low intra-examiner error.  
 
Table 9. Intraclass Correlation 
Intraclass Correlationa 
95% Confidence Interval  F Test with True Value 0 
Lower Bound Upper Bound Value  df1  df2 Sig  
Average Measures  .983b .974 .989 57.54 43  2279 .000  
Two-way mixed effects model where people effects are random and measures effects are fixed. 
a. Type C intraclass correlation coefficients using a consistency definition. The between-measure 
variance is excluded from the denominator variance. 
b. This estimate is computed assuming the interaction effect is absent, because it is not estimable 
otherwise. 
 
Bland-Altman Analysis 
 
The Bland-Altman Analysis is a statistical test of error used to assess agreement 
between two measurement methods or two different observers (Bland and Altman, 1986; 
Giavarina 2015). In this study it was used to estimate the repeatability of a single 
measurement method, landmark identification, made by the same observer in two 
different instances. Analysis was performed using SPSS (IBM SPSS Statistics, version 
24). The Bland-Altman graph demonstrates that the distribution of data is even above and 
below the mean and the data is not skewed to the left or right, thus we can conclude that 
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there is no sampling bias between the initial morphometric data acquisition and the re-
digitization. 
Table 10. Bland-Altman statistical test of error results 
 
Figure 6. Bland-Altman graph representing distribution of data from initial and re-
digitization of specimens 
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Discussion 
 
Geometric morphometric analyses of variance and covariance of growth in 
normodivergent, Caucasian patients of Western European descent show that growth 
occurs linearly and in a predictable manner. Procrustes Superimposition, Discriminant 
Function Analysis and Partial Least Squares Analysis support our hypothesis that the 
growth patterns observed early in development remain consistent throughout during 
maturation period of craniofacial complex. While morphology of individual structures of 
the craniofacial complex change statistically significantly, the overall morphology of 
facial skeleton remains unchanged. We believe that these represent allometric changes – 
increase in size during skeletal maturation; since there is a high degree of covariance 
between each of these substructures, the changes in size do not make a significant 
difference in the overall shape. Due to variability in the size markers used during 
acquisition of lateral cephalogram radiographs, a limitation of using a retrospective 
sample, this study was unable to analyze allometric changes, because the size data 
generated would have been unreliable. We can predict with a high degree of certainty that 
the shape outcome of the overall craniofacial structure at 16 years old based on the shape 
observed at 6 years old. The shapes of the substructures can also be predicted but with a 
smaller degree of certainty – the maxillary shape can be predicted with 71.9% certainty, 
mandibular shape can be predicted with 76.5% and the cranial base with 87.1% certainty 
(Table 8). 
This investigation has significant clinical implications for treatment – we can say with 
confidence that malocclusions of patients with normodivergent mandibular plane angles can be 
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treated with a reasonable certainty that an unfavorable or unexpected growth pattern will likely 
not manifest during growth. We can reasonably hypothesize that even patients with severe 
malocclusions of a dental etiology but with normodivergent growth patterns can be treated 
without expecting the growth pattern to change. The novel approach to growth prediction 
employed by the author does not readily lend to comparison with previous studies. Contemporary 
studies using the conventional cephalometric approach have assessed mandibular growth 
prediction. Buschang et al showed that the pattern of condylar growth is analogous with 
somatic growth, slowing in childhood, increasing at adolescence to a peak velocity 
followed by rapid deceleration of growth (Buschang et al., 1999).  According to our 
results, we can report that shape change corresponds in a linear manner to somatic growth 
and skeletal maturation. Buschang and Gandini later identified four multivariate 
components affecting mandibular modeling and rotation as: Vertical Ramus, Horizontal 
Ramus, Vertical modeling mid-symphysis, and the alveolar factor (Buschang and 
Gardini, 2002). The results of the discriminant function analysis, which were obtained in 
the same manner as the data obtained by Buschang and Gardini with analysis at six and 
sixteen years old can supplement their report. We believe that the shape differences 
between pre- and post-pubertal timepoints are attributed to allometric changes that of the 
skeletal components. It is likely that the mandibular changes in shape are related to the 
multivariate components identified by conventional cephalometric methods. Bastir and 
Rosas assessed patterns of craniofacial morphological covariation between the face and 
the midline basicranium and the face and the lateral basicranium using PCA, the PLS 
analysis and 2D morphometrics (Bastir and Rosas, 2006). Facial morphology was not 
significantly related to the midline basicranial patterns. Bastir and Rosas did report 
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significantly higher correlation between the lateral basicranium and the face – shallow 
lateral cranial base correlated with long-face patterns while deeper lateral basicranium 
was associated with a short-face pattern (Bastir and Rosas, 2006). Our results 
demonstrate a relatively high degree of covariation between cranial base shape and 
mandibular shape of 58.11% with a correlation of 0.66, consistent with the results of 
Bastir and Rosas. To date, there is no published literature addressing growth prediction 
using geometric morphometric methods with which to compare the results of this study.  
The author anticipates that literature using this powerful analytic method to predict 
craniofacial growth will begin to emerge shortly. 
 
Strengths 
This investigation demonstrates a novel approach to the classic orthodontic 
question of craniofacial growth prediction. Using geometric morphometrics to study 
craniofacial growth and shape change for the purposes of prediction has several 
advantages over the traditional cephalometric analysis employed by numerous 
aforementioned studies. Importantly, geometric morphometric analyses used in this study 
remove the element of size and rotation, thereby mitigating the effects of errors resulting 
from inaccurate head positioning. While a small imprecision in landmark identification 
can have a significant effect on linear and angular measurements, the effect on shape data 
is markedly less. The author is obligated to note that to date, there are no studies that 
systematically compare effects of errors in landmark identification or head positioning on 
cephalometric analysis and morphometric data. Similarly, geometric morphometrics can 
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be used to analyze craniofacial shape information of a single subject longitudinally, and 
because GM methods do not superimpose on a reference structure for analysis, it is 
possible to assess shape similarities and differences across a shape population – both 
longitudinally and in cross-section.    
Limitations 
This investigation utilized sagittal cephalometric radiographs acquired as part of 
The Forsyth Institute Twin Sample, a longitudinal study consisting of 533 registered 
families and over 13,000 sets of records collected from twins and triplets as well as their 
immediate family members taken between 1959 and 1975. The inherent limitations of a 
retrospective study are applicable because retrospective data may introduce selection and 
detection bias.  The population sample was pre-selected during the longitudinal study and 
selection bias is a significant limitation. The data and subsequent growth prediction 
model generated from these analyses can only be applied to Caucasian patients of 
western European descent. Moreover, while monozygotic twins were limited to only one 
per family, in the interest of widening the breadth of the sample, in cases of dizygotic 
twins both siblings were included if the inclusion criteria was met. While the genetic 
make-up of dizygotic twins is equivalent to non-twin siblings, there is a degree of genetic 
similarity greater than that of unrelated subjects, which may favorably skew the results 
and conclusion. It is possible that inter-rater error was introduced during data collection 
because it is unlikely that during the sixteen years over which the data was obtained, the 
same technician acquired all the radiographs. It is not possible to determine this, nor 
account for the errors in patients’ head positioning that would result from different 
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technicians. Inaccurate head position is a source of error in two-dimensional x-ray 
analysis and can result in inaccuracies in landmark identification (Grauer et al., 2010; 
Togashi et al., 2002). Analysis of craniofacial morphology using geometric 
morphometrics, which examines overall shape rather than relying on angular and linear 
measurements, diminishes the effect of individual landmark position on the 
morphometric shape (Bookstein, 1982). 
A limitation of geometric morphometrics is a phenomenon known as the 
Pinocchio Effect. In Procrustes superimposition, every landmark pair is treated equally 
without an algorithm to assign weight or preference of any specific landmark pair. In the 
event that only one or a relatively few number of landmark pairs exhibit variability, 
Procrustes superimposition is not able to discern this localized variability (figure 7a). 
Owing to its least-squares fitting method, a shift in centroid position will shift the 
position of every landmark pair to minimize the Procrustes distances between the each 
corresponding landmark pair (figure 7b) (Klingenberg, 2016). To limit the influence of 
the Pinocchio Effect the authors excluded three subjects as outliers to limit artificial 
skewing of data.  
Figure 7 a, b. Pinocchio Effect 
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 To overcome the limitation of the Procrustes method to localize the particular 
landmarks responsible for observed shape variation, an additional method of geometric 
morphometric can be utilized to assess inter- and intra-subject shape variation.  Due to 
variability in the size markers used during acquisition of lateral cephalograms 
radiographs, a limitation of using a retrospective sample, this study was unable to use this 
GM method, which requires precise and consistent markers for scale. In the interest of a 
comprehensive discussion, this GM method will be briefly discussed. Similar to the 
Procrustes Analysis, the Euclidian Distance Matrix Analysis (EDMA) is a matrix 
comprising coordinate-free, landmark data that does not vary under rotation, translation 
or reflection.  However, unlike Procrustes, Euclidian Distance Matrix Analysis (EDMA) 
incorporates all inter-landmark distances and angles between the landmarks and is an 
effective method for localizing variation in particular landmarks. Similar to the 
configuration matrix of Procrustes superimposition method, EDMA can be used to 
develop several different matrices that rely on the same set of landmarks, depending on 
the ultimate objective of the analysis.  The Form Difference Matrix (FDM) appraises the 
difference between two similar forms while the Growth Difference Matrix, evaluates the 
differences in one form at different timepoints (Lele and Richtsmeier, 1995). The essence 
of the Growth Difference Matrix is comparison of change in form resulting from growth.  
With respect to morphometrics, growth is defined as “a process that acts to change a form 
through time from configuration A1 at time T1 to configuration A2 at time T2…Absolute 
growth, the difference between A1 and A2 resulting from the growth process, can be 
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represented by the vector that joins these two points in the form space” (Lele and 
Richtsmeier, 1995). 
 EDMA can be used to identify areas of craniofacial shape change between 
cephalograms that represent different stages of growth (Lele and Richtsmeier, 1990). 
Several studies have employed this method of geometric morphometrics to study growth 
of the cranial skeleton in normal subjects and subjects with Crouzon syndrome and 
subjects with Class III malocclusions (Singh et al., 1999,a,b,d).  Stability of oral surgery 
procedures has also been evaluated using EDMA. Ayoub et al., assessed post-surgical 
stability of osetomoties; Hay et al., and Cerajewska and Singh looked the stability of 
surgical changes in subjects with craniofacial microsomia treated with an inverted “L” 
osteotomy (Ayoub et al., 1993,1994,1995,2000; Hay et al., 2000; Cerajewska and Singh, 
2001).  EDMA has proven itself to be a useful tool in analyzing changing shape and form 
and identifying the landmark pairs, or variables, responsible for the observed differences. 
 
Summary and Conclusions 
The results of this geometric morphometric study strongly suggest that changes in 
maxillo-facial morphology during skeletal maturation are linear. The morphology of the 
craniofacial complex does not change to a significant degree and the growth pattern is 
maintained. Our findings strongly suggest the craniofacial shape at 16 years old can be 
predicted from the shape observed at 6 years old.  
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Appendix A 
 
1. Generalized Procrustes Analysis  
 
 
2. Principal Component Analysis 
a. Cranial Base 
Principal Component Analysis: CovMatrix, Cranial Base, Procrustes coordinates, 
outliers excluded 
 
 Eigenvalues % Variance  Cumulative % 
  1.  0.00142432   22.290    22.290 
  2.  0.00119278   18.667    40.957 
  3.  0.00061085    9.560    50.517 
  4.  0.00053595    8.388    58.904 
  5.  0.00039240    6.141    65.045 
  6.  0.00035447    5.547    70.592 
  7.  0.00029455    4.610    75.202 
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  8.  0.00021716    3.399    78.601 
  9.  0.00019724    3.087    81.687 
 10.  0.00015582    2.439    84.126 
 11.  0.00014125    2.210    86.337 
 12.  0.00011916    1.865    88.201 
 13.  0.00011479    1.796    89.998 
 14.  0.00010460    1.637    91.635 
 15.  0.00008947    1.400    93.035 
 16.  0.00008909    1.394    94.429 
 17.  0.00007107    1.112    95.541 
 18.  0.00005126    0.802    96.344 
 19.  0.00004775    0.747    97.091 
 20.  0.00003961    0.620    97.711 
 21.  0.00003699    0.579    98.290 
 22.  0.00002892    0.453    98.742 
 23.  0.00002553    0.400    99.142 
 24.  0.00002258    0.353    99.495 
 25.  0.00001740    0.272    99.767 
 26.  0.00001486    0.233   100.000 
 
Total variance:  0.00638987 
 
Variance of the eigenvalues:  0.0000001195284 
Eigenvalue variance scaled by total variance:  0.00293 
Eigenvalue variance scaled by total variance and number of variables:  0.07916 
Note: throughout all calculations of eigenvalue variances, the dimensionality used was 
26. 
 
b. Maxilla 
Principal Component Analysis: PCA: CovMatrix, Maxilla, outliers excluded, 
Procrustes coordinates 
 
Eigenvalues % Variance  Cumulative % 
  1.  0.00166500   27.449    27.449 
  2.  0.00084860   13.990    41.440 
  3.  0.00078780   12.988    54.427 
  4.  0.00057909    9.547    63.974 
  5.  0.00041882    6.905    70.879 
  6.  0.00037224    6.137    77.016 
  7.  0.00032239    5.315    82.331 
  8.  0.00026242    4.326    86.657 
  9.  0.00017685    2.916    89.573 
 10.  0.00014994    2.472    92.045 
 11.  0.00011006    1.814    93.859 
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 12.  0.00010746    1.772    95.631 
 13.  0.00008583    1.415    97.046 
 14.  0.00007481    1.233    98.279 
 15.  0.00005607    0.924    99.204 
 16.  0.00004830    0.796   100.000 
 
Total variance:  0.00606570 
 
Variance of the eigenvalues:  0.0000001707143 
Eigenvalue variance scaled by total variance:  0.00464 
Eigenvalue variance scaled by total variance and number of variables:  0.07919 
Note: throughout all calculations of eigenvalue variances, the dimensionality used was 
16. 
 
c. Mandible 
Principal Component Analysis: PCA: CovMatrix, Mandible, outliers excluded, 
Procrustes coordinates 
 
 Eigenvalues % Variance  Cumulative % 
  1.  0.00067827   18.088    18.088 
  2.  0.00061589   16.425    34.513 
  3.  0.00042282   11.276    45.789 
  4.  0.00030431    8.115    53.905 
  5.  0.00025670    6.846    60.751 
  6.  0.00022451    5.987    66.738 
  7.  0.00021162    5.644    72.382 
  8.  0.00017229    4.595    76.976 
  9.  0.00011919    3.179    80.155 
 10.  0.00009158    2.442    82.597 
 11.  0.00008627    2.301    84.898 
 12.  0.00007407    1.975    86.873 
 13.  0.00007063    1.884    88.757 
 14.  0.00005548    1.480    90.236 
 15.  0.00005059    1.349    91.585 
 16.  0.00004064    1.084    92.669 
 17.  0.00003694    0.985    93.654 
 18.  0.00003414    0.911    94.565 
 19.  0.00003082    0.822    95.387 
 20.  0.00002874    0.766    96.153 
 21.  0.00002250    0.600    96.753 
 22.  0.00002090    0.557    97.310 
 23.  0.00001713    0.457    97.767 
 24.  0.00001563    0.417    98.184 
 25.  0.00001443    0.385    98.569 
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 26.  0.00001263    0.337    98.906 
 27.  0.00001136    0.303    99.209 
 28.  0.00000944    0.252    99.461 
 29.  0.00000813    0.217    99.678 
 30.  0.00000488    0.130    99.808 
 31.  0.00000402    0.107    99.915 
 32.  0.00000319    0.085   100.000 
 
Total variance:  0.00374974 
 
Variance of the eigenvalues:  0.0000000286379 
Eigenvalue variance scaled by total variance:  0.00204 
Eigenvalue variance scaled by total variance and number of variables:  0.06728 
Note: throughout all calculations of eigenvalue variances, the dimensionality used was 
32. 
 
d. Whole Skull 
Principal Component Analysis: PCA: CovMatrix, EB_1_3_17, outliers excluded, 
Procrustes coordinates 
 
 Eigenvalues % Variance  Cumulative % 
  1.  0.00098790   22.339    22.339 
  2.  0.00052201   11.804    34.142 
  3.  0.00037950    8.581    42.723 
  4.  0.00025762    5.825    48.549 
  5.  0.00023523    5.319    53.868 
  6.  0.00018250    4.127    57.995 
  7.  0.00015774    3.567    61.561 
  8.  0.00013271    3.001    64.562 
  9.  0.00011880    2.686    67.249 
 10.  0.00011472    2.594    69.843 
 11.  0.00010075    2.278    72.121 
 12.  0.00009891    2.236    74.357 
 13.  0.00009157    2.071    76.428 
 14.  0.00008181    1.850    78.278 
 15.  0.00006536    1.478    79.756 
 16.  0.00006155    1.392    81.148 
 17.  0.00005841    1.321    82.468 
 18.  0.00004711    1.065    83.534 
 19.  0.00004581    1.036    84.569 
 20.  0.00004473    1.011    85.581 
 21.  0.00003958    0.895    86.476 
 22.  0.00003796    0.858    87.334 
 23.  0.00003679    0.832    88.166 
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 24.  0.00003176    0.718    88.884 
 25.  0.00002902    0.656    89.541 
 26.  0.00002705    0.612    90.152 
 27.  0.00002624    0.593    90.745 
 28.  0.00002490    0.563    91.308 
 29.  0.00002369    0.536    91.844 
 30.  0.00002258    0.511    92.355 
 31.  0.00002096    0.474    92.829 
 32.  0.00001996    0.451    93.280 
 33.  0.00001886    0.427    93.706 
 34.  0.00001807    0.409    94.115 
 35.  0.00001654    0.374    94.489 
 36.  0.00001470    0.332    94.821 
 37.  0.00001416    0.320    95.141 
 38.  0.00001364    0.308    95.450 
 39.  0.00001253    0.283    95.733 
 40.  0.00001202    0.272    96.005 
 41.  0.00001175    0.266    96.271 
 42.  0.00001112    0.252    96.522 
 43.  0.00001019    0.230    96.753 
 44.  0.00000964    0.218    96.971 
 45.  0.00000940    0.212    97.183 
 46.  0.00000900    0.204    97.387 
 47.  0.00000868    0.196    97.583 
 48.  0.00000811    0.183    97.766 
 49.  0.00000779    0.176    97.942 
 50.  0.00000759    0.172    98.114 
 51.  0.00000715    0.162    98.275 
 52.  0.00000625    0.141    98.417 
 53.  0.00000613    0.139    98.555 
 54.  0.00000565    0.128    98.683 
 55.  0.00000531    0.120    98.803 
 56.  0.00000491    0.111    98.914 
 57.  0.00000452    0.102    99.016 
 58.  0.00000418    0.095    99.111 
 59.  0.00000396    0.089    99.200 
 60.  0.00000364    0.082    99.283 
 61.  0.00000344    0.078    99.360 
 62.  0.00000323    0.073    99.433 
 63.  0.00000307    0.069    99.503 
 64.  0.00000299    0.068    99.571 
 65.  0.00000273    0.062    99.632 
 66.  0.00000270    0.061    99.693 
 67.  0.00000258    0.058    99.752 
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 68.  0.00000217    0.049    99.801 
 69.  0.00000204    0.046    99.847 
 70.  0.00000197    0.044    99.891 
 71.  0.00000162    0.037    99.928 
 72.  0.00000129    0.029    99.957 
 73.  0.00000104    0.024    99.981 
 74.  0.00000085    0.019   100.000 
 
Total variance:  0.00442239 
 
Variance of the eigenvalues:  0.0000000191757 
Eigenvalue variance scaled by total variance:  0.00098 
Eigenvalue variance scaled by total variance and number of variables:  0.07355 
Note: throughout all calculations of eigenvalue variances, the dimensionality used was 
74. 
 
3. Matrix Correlaton Analysis 
 
Matrix Correlation Analysis: Matrix correlation, unpooled vs pooled by age 
 
Matrix 1: CovMatrix, EB_1_3_17, outliers excluded, Procrustes coordinates 
Matrix 2: CovMatrix, EB_1_3_17, outliers excluded, ProcCoord, pooled by Age,  
 
Matrix correlation:  0.94273404 (diagonal entries included) 
 
Matrix permutation test against the null hypothesis of complete dissimilarity 
Number of randomization rounds: 10000 (permuting landmarks) 
P-Value: <.0001 
 
 
4. Discriminant Function Analysis  
a. Cranial Base 
i. Sequential age pairs 
 
Discriminant Function Analysis 'Discriminant function, Cranial Base, All Age Pairs' 
Comparison: 6 -- 7 
 
Difference between means: 
Procrustes distance:  0.00869742 
Mahalanobis distance:      0.8669 
T-square:   11.2715,   P-value (parametric): 0.9998 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 1.0000 
T-square: 0.9990 
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(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 6 
Group 2: 7 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          20              10              30 
Group 2          10              20              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1           7              23              30 
Group 2          23               7              30 
 
 
Discriminant Function Analysis 'Discriminant function, Cranial Base, All Age Pairs' 
Comparison: 7 -- 8 
 
Difference between means: 
Procrustes distance:  0.01213472 
Mahalanobis distance:      1.1922 
T-square:   21.3191,   P-value (parametric): 0.9757 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9700 
T-square: 0.9720 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 7 
Group 2: 8 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          21               9              30 
Group 2          10              20              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1           9              21              30 
Group 2          21               9              30 
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Discriminant Function Analysis 'Discriminant function, Cranial Base, All Age Pairs' 
Comparison: 8 -- 9 
 
Difference between means: 
Procrustes distance:  0.01025472 
Mahalanobis distance:      2.0181 
T-square:   61.0921,   P-value (parametric): 0.2136 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9920 
T-square: 0.1980 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 8 
Group 2: 9 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          26               4              30 
Group 2           6              24              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          13              17              30 
Group 2          12              18              30 
 
 
Discriminant Function Analysis 'Discriminant function, Cranial Base, All Age Pairs' 
Comparison: 10 -- 11 
 
Difference between means: 
Procrustes distance:  0.01088711 
Mahalanobis distance:      1.3661 
T-square:   27.9934,   P-value (parametric): 0.8992 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9970 
T-square: 0.9030 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
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Group 1: 10 
Group 2: 11 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          23               7              30 
Group 2           8              22              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          12              18              30 
Group 2          17              13              30 
 
 
Discriminant Function Analysis 'Discriminant function, Cranial Base, All Age Pairs' 
Comparison: 10 -- 9 
 
Difference between means: 
Procrustes distance:  0.00940848 
Mahalanobis distance:      0.6239 
T-square:    5.8384,   P-value (parametric): 1.0000 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9990 
T-square: 1.0000 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 10 
Group 2: 9 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          20              10              30 
Group 2           9              21              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1           3              27              30 
Group 2          27               3              30 
 
 
Discriminant Function Analysis 'Discriminant function, Cranial Base, All Age Pairs' 
Comparison: 11 -- 12 
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Difference between means: 
Procrustes distance:  0.01488998 
Mahalanobis distance:      1.3797 
T-square:   28.5548,   P-value (parametric): 0.8898 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.8960 
T-square: 0.8880 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 11 
Group 2: 12 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          21               9              30 
Group 2           9              21              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          11              19              30 
Group 2          19              11              30 
 
 
Discriminant Function Analysis 'Discriminant function, Cranial Base, All Age Pairs' 
Comparison: 12 -- 13 
 
Difference between means: 
Procrustes distance:  0.01268059 
Mahalanobis distance:      1.6981 
T-square:   42.5201,   P-value (parametric): 0.5845 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9800 
T-square: 0.5720 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 12 
Group 2: 13 
From discriminant function: 
True                Allocated to 
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Group         Group 1         Group 2          Total 
Group 1          25               5              30 
Group 2           5              24              29 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          18              12              30 
Group 2          16              13              29 
 
 
Discriminant Function Analysis 'Discriminant function, Cranial Base, All Age Pairs' 
Comparison: 13 -- 14 
 
Difference between means: 
Procrustes distance:  0.01548665 
Mahalanobis distance:      1.8908 
T-square:   52.7155,   P-value (parametric): 0.3604 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.8730 
T-square: 0.3650 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 13 
Group 2: 14 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          26               3              29 
Group 2           4              26              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          13              16              29 
Group 2          14              16              30 
 
 
Discriminant Function Analysis 'Discriminant function, Cranial Base, All Age Pairs' 
Comparison: 14 -- 15 
 
Difference between means: 
Procrustes distance:  0.01528318 
Mahalanobis distance:      1.6162 
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T-square:   39.1835,   P-value (parametric): 0.6536 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.8890 
T-square: 0.6510 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 14 
Group 2: 15 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          23               7              30 
Group 2           4              26              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          15              15              30 
Group 2          16              14              30 
 
 
Discriminant Function Analysis 'Discriminant function, Cranial Base, All Age Pairs' 
Comparison: 15 -- 16 
 
Difference between means: 
Procrustes distance:  0.00849640 
Mahalanobis distance:      0.8155 
T-square:    9.9766,   P-value (parametric): 0.9999 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 1.0000 
T-square: 1.0000 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 15 
Group 2: 16 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          20              10              30 
Group 2          10              20              30 
From cross-validation: 
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True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1           7              23              30 
Group 2          26               4              30 
 
 
ii. 6-16 years old  
 
Discriminant Function Analysis 'Discriminant function, Cranial Base, 6-16 Single Age 
Pair' 
Comparison: 16 -- 6 
 
Difference between means: 
Procrustes distance:  0.05628433 
Mahalanobis distance:      3.4312 
T-square:  176.5973,   P-value (parametric): 0.0002 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: <.0001 
T-square: 0.0010 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 16 
Group 2: 6 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          27               3              30 
Group 2           1              29              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          21               9              30 
Group 2           8              22              30 
 
 
b. Maxilla 
i. Sequential age pairs 
 
Discriminant Function Analysis 'Discriminant function, Maxilla, All Age Pairs' 
Comparison: 6 -- 7 
 
Difference between means: 
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Procrustes distance:  0.03031997 
Mahalanobis distance:      1.5324 
T-square:   35.2220,   P-value (parametric): 0.1011 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.0480 
T-square: 0.1010 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 6 
Group 2: 7 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          21               9              30 
Group 2           5              25              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          16              14              30 
Group 2          10              20              30 
 
 
Discriminant Function Analysis 'Discriminant function, Maxilla, All Age Pairs' 
Comparison: 7 -- 8 
 
Difference between means: 
Procrustes distance:  0.01949979 
Mahalanobis distance:      1.7199 
T-square:   44.3727,   P-value (parametric): 0.0308 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.4310 
T-square: 0.0350 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 7 
Group 2: 8 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          26               4              30 
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Group 2           7              23              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          22               8              30 
Group 2          10              20              30 
 
 
Discriminant Function Analysis 'Discriminant function, Maxilla, All Age Pairs' 
Comparison: 8 -- 9 
 
Difference between means: 
Procrustes distance:  0.02266188 
Mahalanobis distance:      1.2328 
T-square:   22.7959,   P-value (parametric): 0.4227 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.1430 
T-square: 0.4070 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 8 
Group 2: 9 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          22               8              30 
Group 2           7              23              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          16              14              30 
Group 2          18              12              30 
 
 
Discriminant Function Analysis 'Discriminant function, Maxilla, All Age Pairs' 
Comparison: 10 -- 11 
 
Difference between means: 
Procrustes distance:  0.01159242 
Mahalanobis distance:      0.8564 
T-square:   11.0010,   P-value (parametric): 0.9279 
P-values for permutation tests (1000 permutation runs): 
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Procrustes distance: 0.9540 
T-square: 0.9330 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 10 
Group 2: 11 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          20              10              30 
Group 2          11              19              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          10              20              30 
Group 2          18              12              30 
 
 
Discriminant Function Analysis 'Discriminant function, Maxilla, All Age Pairs' 
Comparison: 10 -- 9 
 
Difference between means: 
Procrustes distance:  0.01170020 
Mahalanobis distance:      0.7850 
T-square:    9.2437,   P-value (parametric): 0.9659 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9500 
T-square: 0.9720 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 10 
Group 2: 9 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          20              10              30 
Group 2           9              21              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
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Group 1          10              20              30 
Group 2          18              12              30 
 
 
Discriminant Function Analysis 'Discriminant function, Maxilla, All Age Pairs' 
Comparison: 11 -- 12 
 
Difference between means: 
Procrustes distance:  0.01021034 
Mahalanobis distance:      0.9060 
T-square:   12.3121,   P-value (parametric): 0.8884 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9880 
T-square: 0.8720 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 11 
Group 2: 12 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          22               8              30 
Group 2          11              19              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          13              17              30 
Group 2          18              12              30 
 
 
Discriminant Function Analysis 'Discriminant function, Maxilla, All Age Pairs' 
Comparison: 12 -- 13 
 
Difference between means: 
Procrustes distance:  0.01575421 
Mahalanobis distance:      1.1037 
T-square:   17.9638,   P-value (parametric): 0.6492 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.7740 
T-square: 0.6400 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
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Classification/misclassification tables 
Group 1: 12 
Group 2: 13 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          24               6              30 
Group 2           6              23              29 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          14              16              30 
Group 2          14              15              29 
 
 
Discriminant Function Analysis 'Discriminant function, Maxilla, All Age Pairs' 
Comparison: 13 -- 14 
 
Difference between means: 
Procrustes distance:  0.01566067 
Mahalanobis distance:      1.2312 
T-square:   22.3538,   P-value (parametric): 0.4476 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.7610 
T-square: 0.4520 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 13 
Group 2: 14 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          21               8              29 
Group 2           7              23              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          16              13              29 
Group 2          17              13              30 
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Discriminant Function Analysis 'Discriminant function, Maxilla, All Age Pairs' 
Comparison: 14 -- 15 
 
Difference between means: 
Procrustes distance:  0.01087492 
Mahalanobis distance:      0.7044 
T-square:    7.4424,   P-value (parametric): 0.9881 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9770 
T-square: 0.9890 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 14 
Group 2: 15 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          20              10              30 
Group 2          12              18              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          10              20              30 
Group 2          22               8              30 
 
 
Discriminant Function Analysis 'Discriminant function, Maxilla, All Age Pairs' 
Comparison: 15 -- 16 
 
Difference between means: 
Procrustes distance:  0.01220446 
Mahalanobis distance:      0.8425 
T-square:   10.6469,   P-value (parametric): 0.9369 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9250 
T-square: 0.9330 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 15 
Group 2: 16 
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From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          17              13              30 
Group 2           9              21              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          11              19              30 
Group 2          16              14              30 
 
 
 
ii. 6-16 years old  
 
Discriminant Function Analysis 'Discriminant function, Maxilla, 6-16 Single Age Pair' 
Comparison: 16 -- 6 
 
Difference between means: 
Procrustes distance:  0.06801658 
Mahalanobis distance:      3.8898 
T-square:  226.9548,   P-value (parametric): <.0001 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: <.0001 
T-square: <.0001 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 16 
Group 2: 6 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          29               1              30 
Group 2           1              29              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          28               2              30 
Group 2           3              27              30 
 
c. Mandible 
i. Sequential age pairs 
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Discriminant Function Analysis 'Discriminant function, Mandible, All Age Pairs' 
Comparison: 6 -- 7 
 
Difference between means: 
Procrustes distance:  0.01978683 
Mahalanobis distance:      2.9086 
T-square:  126.9034,   P-value (parametric): 0.0539 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.0520 
T-square: 0.0560 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 6 
Group 2: 7 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          29               1              30 
Group 2           1              29              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          17              13              30 
Group 2          16              14              30 
 
 
Discriminant Function Analysis 'Discriminant function, Mandible, All Age Pairs' 
Comparison: 7 -- 8 
 
Difference between means: 
Procrustes distance:  0.01340932 
Mahalanobis distance:      2.2427 
T-square:   75.4485,   P-value (parametric): 0.4056 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.5580 
T-square: 0.4100 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 7 
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Group 2: 8 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          25               5              30 
Group 2           6              24              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          17              13              30 
Group 2          13              17              30 
 
 
Discriminant Function Analysis 'Discriminant function, Mandible, All Age Pairs' 
Comparison: 8 -- 9 
 
Difference between means: 
Procrustes distance:  0.01115360 
Mahalanobis distance:      2.1280 
T-square:   67.9263,   P-value (parametric): 0.5169 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.8400 
T-square: 0.5330 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 8 
Group 2: 9 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          26               4              30 
Group 2           3              27              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          16              14              30 
Group 2          19              11              30 
 
 
Discriminant Function Analysis 'Discriminant function, Mandible, All Age Pairs' 
Comparison: 10 -- 9 
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Difference between means: 
Procrustes distance:  0.01060850 
Mahalanobis distance:      1.8968 
T-square:   53.9650,   P-value (parametric): 0.7458 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9130 
T-square: 0.7470 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 10 
Group 2: 9 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          24               6              30 
Group 2           6              24              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          10              20              30 
Group 2          13              17              30 
 
 
Discriminant Function Analysis 'Discriminant function, Mandible, All Age Pairs' 
Comparison: 10 -- 11 
 
Difference between means: 
Procrustes distance:  0.00829621 
Mahalanobis distance:      2.0324 
T-square:   61.9589,   P-value (parametric): 0.6139 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9900 
T-square: 0.5980 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 10 
Group 2: 11 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
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Group 1          25               5              30 
Group 2           5              25              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          15              15              30 
Group 2          15              15              30 
 
 
Discriminant Function Analysis 'Discriminant function, Mandible, All Age Pairs' 
Comparison: 11 -- 12 
 
Difference between means: 
Procrustes distance:  0.01199339 
Mahalanobis distance:      2.1984 
T-square:   72.4940,   P-value (parametric): 0.4475 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.7910 
T-square: 0.4550 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 11 
Group 2: 12 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          27               3              30 
Group 2           4              26              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          15              15              30 
Group 2          17              13              30 
 
 
Discriminant Function Analysis 'Discriminant function, Mandible, All Age Pairs' 
Comparison: 12 -- 13 
 
Difference between means: 
Procrustes distance:  0.01279025 
Mahalanobis distance:      2.2767 
T-square:   76.4335,   P-value (parametric): 0.4152 
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P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.7450 
T-square: 0.4300 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 12 
Group 2: 13 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          26               4              30 
Group 2           3              26              29 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          16              14              30 
Group 2          16              13              29 
 
 
Discriminant Function Analysis 'Discriminant function, Mandible, All Age Pairs' 
Comparison: 13 -- 14 
 
Difference between means: 
Procrustes distance:  0.01120753 
Mahalanobis distance:      2.1326 
T-square:   67.0642,   P-value (parametric): 0.5527 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9140 
T-square: 0.5330 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 13 
Group 2: 14 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          23               6              29 
Group 2           3              27              30 
From cross-validation: 
True                Allocated to 
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Group         Group 1         Group 2          Total 
Group 1          13              16              29 
Group 2          16              14              30 
 
 
Discriminant Function Analysis 'Discriminant function, Mandible, All Age Pairs' 
Comparison: 14 -- 15 
 
Difference between means: 
Procrustes distance:  0.01360879 
Mahalanobis distance:      2.1268 
T-square:   67.8510,   P-value (parametric): 0.5181 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.7570 
T-square: 0.5190 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 14 
Group 2: 15 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          25               5              30 
Group 2           4              26              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          17              13              30 
Group 2          18              12              30 
 
 
Discriminant Function Analysis 'Discriminant function, Mandible, All Age Pairs' 
Comparison: 15 -- 16 
 
Difference between means: 
Procrustes distance:  0.01401288 
Mahalanobis distance:      1.5860 
T-square:   37.7330,   P-value (parametric): 0.9475 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.7050 
T-square: 0.9540 
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(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 15 
Group 2: 16 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          23               7              30 
Group 2           6              24              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          16              14              30 
Group 2          19              11              30 
 
 
ii. 6-16 years old  
 
Discriminant Function Analysis 'Discriminant function, Mandible, 6-16 Single Age Pair' 
Comparison: 16 -- 6 
 
Difference between means: 
Procrustes distance:  0.05279456 
Mahalanobis distance:      5.6624 
T-square:  480.9452,   P-value (parametric): <.0001 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: <.0001 
T-square: <.0001 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 16 
Group 2: 6 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          29               1              30 
Group 2           1              29              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
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Group 1          26               4              30 
Group 2           2              28              30 
 
 
d. Whole Skull 
i. Sequential age pairs 
Discriminant Function Analysis 'Discriminant function excluding outliers' 
Comparison: 10 -- 11 
 
Difference between means: 
Procrustes distance:  0.00919907 
Mahalanobis distance:      4.1514 
T-square:  258.5159,   P-value (parametric): 0.9994 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 1.0000 
T-square: 0.6270 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 10 
Group 2: 11 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          28               2              30 
Group 2           0              30              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          14              16              30 
Group 2          15              15              30 
 
 
Discriminant Function Analysis 'Discriminant function excluding outliers' 
Comparison: 10 -- 9 
 
Difference between means: 
Procrustes distance:  0.00963464 
Mahalanobis distance:      3.2545 
T-square:  158.8763,   P-value (parametric): 1.0000 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9990 
T-square: 0.9170 
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(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 10 
Group 2: 9 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          29               1              30 
Group 2           2              28              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          16              14              30 
Group 2          18              12              30 
 
 
Discriminant Function Analysis 'Discriminant function excluding outliers' 
Comparison: 11 -- 12 
 
Difference between means: 
Procrustes distance:  0.01150635 
Mahalanobis distance:      6.4802 
T-square:  629.8859,   P-value (parametric): 0.9756 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9770 
T-square: 0.0370 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 11 
Group 2: 12 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          30               0              30 
Group 2           0              30              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          20              10              30 
Group 2          14              16              30 
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Discriminant Function Analysis 'Discriminant function excluding outliers' 
Comparison: 12 -- 13 
 
Difference between means: 
Procrustes distance:  0.01228169 
Mahalanobis distance:      4.4025 
T-square:  285.7961,   P-value (parametric): 0.9987 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9440 
T-square: 0.4210 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 12 
Group 2: 13 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          30               0              30 
Group 2           1              28              29 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          13              17              30 
Group 2          15              14              29 
 
 
Discriminant Function Analysis 'Discriminant function excluding outliers' 
Comparison: 13 -- 14 
 
Difference between means: 
Procrustes distance:  0.01268314 
Mahalanobis distance:      3.7095 
T-square:  202.9087,   P-value (parametric): 0.9990 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9260 
T-square: 0.8890 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
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Group 1: 13 
Group 2: 14 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          29               0              29 
Group 2           0              30              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          15              14              29 
Group 2          15              15              30 
 
 
Discriminant Function Analysis 'Discriminant function excluding outliers' 
Comparison: 14 -- 15 
 
Difference between means: 
Procrustes distance:  0.01261878 
Mahalanobis distance:      3.3917 
T-square:  172.5526,   P-value (parametric): 0.9997 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9380 
T-square: 0.9560 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 14 
Group 2: 15 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          29               1              30 
Group 2           1              29              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          18              12              30 
Group 2          16              14              30 
 
 
Discriminant Function Analysis 'Discriminant function excluding outliers' 
Comparison: 15 -- 16 
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Difference between means: 
Procrustes distance:  0.01151359 
Mahalanobis distance:      3.4384 
T-square:  177.3391,   P-value (parametric): 0.9999 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.9710 
T-square: 0.9370 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 15 
Group 2: 16 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          29               1              30 
Group 2           1              29              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          10              20              30 
Group 2          17              13              30 
 
 
Discriminant Function Analysis 'Discriminant function excluding outliers' 
Comparison: 6 -- 7 
 
Difference between means: 
Procrustes distance:  0.01643343 
Mahalanobis distance:      5.9362 
T-square:  528.5729,   P-value (parametric): 0.9856 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.4020 
T-square: 0.0300 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 6 
Group 2: 7 
From discriminant function: 
True                Allocated to 
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Group         Group 1         Group 2          Total 
Group 1          30               0              30 
Group 2           0              30              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          21               9              30 
Group 2           9              21              30 
 
 
Discriminant Function Analysis 'Discriminant function excluding outliers' 
Comparison: 7 -- 8 
 
Difference between means: 
Procrustes distance:  0.01253355 
Mahalanobis distance:      5.0948 
T-square:  389.3499,   P-value (parametric): 0.9953 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.8930 
T-square: 0.2500 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 7 
Group 2: 8 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          30               0              30 
Group 2           0              30              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          15              15              30 
Group 2          12              18              30 
 
 
Discriminant Function Analysis 'Discriminant function excluding outliers' 
Comparison: 8 -- 9 
 
Difference between means: 
Procrustes distance:  0.01370434 
Mahalanobis distance:      4.1728 
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T-square:  261.1781,   P-value (parametric): 0.9993 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: 0.6850 
T-square: 0.4390 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 8 
Group 2: 9 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          30               0              30 
Group 2           0              30              30 
From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          17              13              30 
Group 2          14              16              30 
ii. 6-16 years old  
 
Discriminant Function Analysis 'Discriminant function, excluding outliers, 6 vs 16 yr 
pair' 
Comparison: 16 -- 6 
 
Difference between means: 
Procrustes distance:  0.06557169 
Mahalanobis distance:     10.5893 
T-square: 1682.0000,   P-value (parametric): 0.8374 
P-values for permutation tests (1000 permutation runs): 
Procrustes distance: <.0001 
T-square: 0.2940 
(Note: The permutation test using the T-square statistic is equivalent to a test using 
Mahalanobis distance.) 
 
Classification/misclassification tables 
Group 1: 16 
Group 2: 6 
From discriminant function: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          30               0              30 
Group 2           1              29              30 
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From cross-validation: 
True                Allocated to 
Group         Group 1         Group 2          Total 
Group 1          19              11              30 
Group 2          12              18              30 
 
 
5. Two-Block Partial Least Squares Analysis 
a. Cranial Base vs. Maxilla 
Partial Least Squares Analysis: PLS Cranial Base vs Maxilla, pooled by age 
 
This is a pooled within-group PLS analysis. 
 
Overall strength of association between blocks: 
RV coefficient:   0.2920 
 
Singular values and pairwise correlations of PLS scores between blocks: 
       Singular value % total covar. Correlation    
PLS1    0.00073550    47.664          0.67193      
PLS2    0.00058573    30.229          0.69162      
PLS3    0.00030094     7.979          0.59660      
PLS4    0.00022428     4.432          0.49242      
PLS5    0.00020021     3.532          0.61101      
PLS6    0.00018596     3.047          0.41446      
PLS7    0.00011297     1.125          0.39308      
PLS8    0.00010082     0.896          0.38467      
PLS9    0.00007874     0.546          0.29274      
PLS10    0.00005439     0.261          0.29630      
PLS11    0.00004198     0.155          0.27971      
PLS12    0.00002823     0.070          0.23689      
PLS13    0.00001867     0.031          0.16249      
PLS14    0.00001556     0.021          0.13810      
PLS15    0.00000960     0.008          0.10558      
PLS16    0.00000633     0.004          0.08191    
 
b. Cranial Base vs. Mandible 
Partial Least Squares Analysis: PLS Cranial Base vs Mandible, pooled by age 
 
This is a pooled within-group PLS analysis. 
 
Overall strength of association between blocks: 
RV coefficient:   0.2072 
 
Singular values and pairwise correlations of PLS scores between blocks: 
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       Singular value % total covar. Correlation    
PLS1    0.00050690    58.108          0.65502      
PLS2    0.00026266    15.602          0.46248      
PLS3    0.00021286    10.247          0.52296      
PLS4    0.00012858     3.739          0.45673      
PLS5    0.00012371     3.461          0.38763      
PLS6    0.00010036     2.278          0.43789      
PLS7    0.00009373     1.987          0.43060      
PLS8    0.00008062     1.470          0.34424      
PLS9    0.00006504     0.957          0.30748      
PLS10    0.00006209     0.872          0.40477      
PLS11    0.00003432     0.266          0.35118      
PLS12    0.00003384     0.259          0.30743      
PLS13    0.00003017     0.206          0.33642      
PLS14    0.00002245     0.114          0.28547      
PLS15    0.00002132     0.103          0.45701      
PLS16    0.00001893     0.081          0.23633      
PLS17    0.00001788     0.072          0.27132      
PLS18    0.00001631     0.060          0.24891      
PLS19    0.00001391     0.044          0.19956      
PLS20    0.00001141     0.029          0.23472      
PLS21    0.00000926     0.019          0.23315      
PLS22    0.00000732     0.012          0.15674      
PLS23    0.00000599     0.008          0.13284      
PLS24    0.00000383     0.003          0.09826      
PLS25    0.00000276     0.002          0.07235      
PLS26    0.00000209     0.001          0.06036      
 
c. Maxilla vs. Mandible 
 
Partial Least Squares Analysis: PLS Maxilla vs Mandible, pooled by age 
 
This is a pooled within-group PLS analysis. 
 
Overall strength of association between blocks: 
RV coefficient:   0.1288 
 
Singular values and pairwise correlations of PLS scores between blocks: 
       Singular value % total covar. Correlation    
PLS1    0.00037860    53.037          0.54929      
PLS2    0.00025883    24.788          0.44087      
PLS3    0.00013848     7.095          0.31103      
PLS4    0.00011411     4.818          0.35648      
PLS5    0.00008828     2.884          0.31229      
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PLS6    0.00008060     2.404          0.31398      
PLS7    0.00006562     1.593          0.30149      
PLS8    0.00006358     1.496          0.31365      
PLS9    0.00004325     0.692          0.24298      
PLS10    0.00003655     0.494          0.21228      
PLS11    0.00002862     0.303          0.21353      
PLS12    0.00002154     0.172          0.18741      
PLS13    0.00001642     0.100          0.16545      
PLS14    0.00001273     0.060          0.16903      
PLS15    0.00001135     0.048          0.17348      
PLS16    0.00000683     0.017          0.11699      
 
 
6. Regression Analysis 
a. Cranial Base 
Regression Analysis: Regression 
 
Dependent variable(s):  
Cranial Base: 
 ProcCoord1 
 ProcCoord2 
 ProcCoord3 
 ProcCoord4 
 ProcCoord5 
 ProcCoord6 
 ProcCoord7 
 ProcCoord8 
 ProcCoord9 
 ProcCoord10 
 ProcCoord11 
 ProcCoord12 
 ProcCoord13 
 ProcCoord14 
 ProcCoord15 
 ProcCoord16 
 ProcCoord17 
 ProcCoord18 
 ProcCoord19 
 ProcCoord20 
 ProcCoord21 
 ProcCoord22 
 ProcCoord23 
 ProcCoord24 
 ProcCoord25 
		 86	
 ProcCoord26 
 ProcCoord27 
 ProcCoord28 
 ProcCoord29 
 ProcCoord30 
Independent variable(s):  
Cranial Base: 
 Log Centroid Size 
 
Total sample size: 329 
 
 Regression Coefficients 
 
    CentSize2    
x1   -0.00321187 
y1   -0.01366346 
x2   -0.01005748 
y2    0.00457761 
x3    0.00187097 
y3    0.00848136 
x4   -0.00825241 
y4    0.00241478 
x5   -0.00017067 
y5    0.01905759 
x6   -0.00035455 
y6    0.00416722 
x7   -0.00009200 
y7    0.01162681 
x8    0.00906814 
y8    0.00792075 
x9    0.01201535 
y9    0.00486911 
x10   0.00219558 
y10  -0.00321074 
x11   0.00909346 
y11  -0.00471099 
x12  -0.00443823 
y12  -0.01077903 
x13  -0.00564081 
y13  -0.00998709 
x14   0.00229433 
y14  -0.01094653 
x15  -0.00431983 
y15  -0.00981737 
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Sums of squares 
Total SS:         2.09587575 
Predicted SS:         0.01824726 
Residual SS:         2.07762849 
 
% predicted:   0.8706% 
 
Permutation test against the null hypothesis of independence 
Number of randomization rounds: 10000 
P-value: 0.0045 
 
b. Maxilla 
Regression Analysis: Regression, Max, unpooled, centroid 
 
Dependent variable(s):  
Maxilla, outliers excluded: 
 ProcCoord1 
 ProcCoord2 
 ProcCoord3 
 ProcCoord4 
 ProcCoord5 
 ProcCoord6 
 ProcCoord7 
 ProcCoord8 
 ProcCoord9 
 ProcCoord10 
 ProcCoord11 
 ProcCoord12 
 ProcCoord13 
 ProcCoord14 
 ProcCoord15 
 ProcCoord16 
 ProcCoord17 
 ProcCoord18 
 ProcCoord19 
 ProcCoord20 
Independent variable(s):  
Maxilla, outliers excluded: 
 Centroid Size 
 
Total sample size: 329 
 
 Regression Coefficients 
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    CentSize1    
x1    0.00002352 
y1    0.00000808 
x2   -0.00004979 
y2    0.00002199 
x3   -0.00001505 
y3    0.00000838 
x4    0.00000477 
y4   -0.00004578 
x5    0.00000735 
y5   -0.00000923 
x6    0.00001267 
y6   -0.00001511 
x7    0.00003185 
y7   -0.00001370 
x8   -0.00000711 
y8    0.00000844 
x9    0.00001242 
y9    0.00001709 
x10  -0.00002063 
y10   0.00001983 
 
Sums of squares 
Total SS:         1.98954979 
Predicted SS:         0.01430150 
Residual SS:         1.97524830 
 
% predicted:   0.7188% 
 
c. Mandible 
Regression Analysis: Regression, Mand, unpooled, centroid 
 
Dependent variable(s):  
Mandible, outliers excluded: 
 ProcCoord1 
 ProcCoord2 
 ProcCoord3 
 ProcCoord4 
 ProcCoord5 
 ProcCoord6 
 ProcCoord7 
 ProcCoord8 
 ProcCoord9 
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 ProcCoord10 
 ProcCoord11 
 ProcCoord12 
 ProcCoord13 
 ProcCoord14 
 ProcCoord15 
 ProcCoord16 
 ProcCoord17 
 ProcCoord18 
 ProcCoord19 
 ProcCoord20 
 ProcCoord21 
 ProcCoord22 
 ProcCoord23 
 ProcCoord24 
 ProcCoord25 
 ProcCoord26 
 ProcCoord27 
 ProcCoord28 
 ProcCoord29 
 ProcCoord30 
 ProcCoord31 
 ProcCoord32 
 ProcCoord33 
 ProcCoord34 
 ProcCoord35 
 ProcCoord36 
Independent variable(s):  
Mandible, outliers excluded: 
 Centroid Size 
 
Total sample size: 329 
 
 Regression Coefficients 
 
    CentSize1    
x1    0.00000619 
y1    0.00000975 
x2    0.00000253 
y2    0.00000804 
x3   -0.00000471 
y3   -0.00000299 
x4   -0.00000040 
y4   -0.00000038 
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x5   -0.00000291 
y5    0.00000083 
x6   -0.00000323 
y6   -0.00000183 
x7    0.00000290 
y7    0.00000746 
x8   -0.00000221 
y8    0.00000135 
x9   -0.00000743 
y9    0.00000452 
x10   0.00000905 
y10   0.00000154 
x11   0.00000610 
y11  -0.00000409 
x12   0.00000387 
y12  -0.00001310 
x13   0.00000560 
y13  -0.00001120 
x14  -0.00000224 
y14  -0.00000596 
x15   0.00000338 
y15   0.00001332 
x16   0.00000138 
y16   0.00000457 
x17  -0.00001191 
y17  -0.00000767 
x18  -0.00000596 
y18  -0.00000418 
 
Sums of squares 
Total SS:         1.22991392 
Predicted SS:         0.00940894 
Residual SS:         1.22050498 
 
% predicted:   0.7650% 
 
d. Whole Skull 
Regression Analysis: Regression, whole skull, unpooled, centroid size 
 
Dependent variable(s):  
EB_1_3_17, outliers excluded: 
 ProcCoord1 
 ProcCoord2 
 ProcCoord3 
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 ProcCoord4 
 ProcCoord5 
 ProcCoord6 
 ProcCoord7 
 ProcCoord8 
 ProcCoord9 
 ProcCoord10 
 ProcCoord11 
 ProcCoord12 
 ProcCoord13 
 ProcCoord14 
 ProcCoord15 
 ProcCoord16 
 ProcCoord17 
 ProcCoord18 
 ProcCoord19 
 ProcCoord20 
 ProcCoord21 
 ProcCoord22 
 ProcCoord23 
 ProcCoord24 
 ProcCoord25 
 ProcCoord26 
 ProcCoord27 
 ProcCoord28 
 ProcCoord29 
 ProcCoord30 
 ProcCoord31 
 ProcCoord32 
 ProcCoord33 
 ProcCoord34 
 ProcCoord35 
 ProcCoord36 
 ProcCoord37 
 ProcCoord38 
 ProcCoord39 
 ProcCoord40 
 ProcCoord41 
 ProcCoord42 
 ProcCoord43 
 ProcCoord44 
 ProcCoord45 
 ProcCoord46 
 ProcCoord47 
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 ProcCoord48 
 ProcCoord49 
 ProcCoord50 
 ProcCoord51 
 ProcCoord52 
 ProcCoord53 
 ProcCoord54 
 ProcCoord55 
 ProcCoord56 
 ProcCoord57 
 ProcCoord58 
 ProcCoord59 
 ProcCoord60 
 ProcCoord61 
 ProcCoord62 
 ProcCoord63 
 ProcCoord64 
 ProcCoord65 
 ProcCoord66 
 ProcCoord67 
 ProcCoord68 
 ProcCoord69 
 ProcCoord70 
 ProcCoord71 
 ProcCoord72 
 ProcCoord73 
 ProcCoord74 
 ProcCoord75 
 ProcCoord76 
 ProcCoord77 
 ProcCoord78 
Independent variable(s):  
EB_1_3_17, outliers excluded: 
 Centroid Size 
 
Total sample size: 329 
 
 Regression Coefficients 
 
    CentSize1    
x1   -0.00000281 
y1    0.00000334 
x2   -0.00000587 
y2    0.00000680 
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x3    0.00000232 
y3    0.00000703 
x4   -0.00000131 
y4    0.00000416 
x5    0.00000205 
y5    0.00000566 
x6    0.00000259 
y6    0.00000036 
x7    0.00000266 
y7    0.00000252 
x8    0.00000549 
y8    0.00000063 
x9    0.00000596 
y9   -0.00000174 
x10   0.00000471 
y10  -0.00000271 
x11   0.00000945 
y11  -0.00000144 
x12   0.00000292 
y12  -0.00000257 
x13   0.00000199 
y13  -0.00000116 
x14   0.00000043 
y14  -0.00000216 
x15  -0.00000258 
y15   0.00000466 
x16  -0.00000207 
y16   0.00000218 
x17  -0.00000475 
y17  -0.00000176 
x18  -0.00000200 
y18   0.00000003 
x19  -0.00000253 
y19  -0.00000073 
x20  -0.00000038 
y20  -0.00000334 
x21  -0.00000026 
y21  -0.00000030 
x22   0.00000047 
y22  -0.00000014 
x23  -0.00000122 
y23   0.00000298 
x24  -0.00000181 
y24  -0.00000010 
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x25  -0.00000103 
y25  -0.00000159 
x26  -0.00000093 
y26  -0.00000069 
x27  -0.00000204 
y27  -0.00000080 
x28   0.00000200 
y28  -0.00000129 
x29   0.00000003 
y29  -0.00000016 
x30   0.00000080 
y30   0.00000167 
x31   0.00000033 
y31  -0.00000419 
x32  -0.00000135 
y32  -0.00000358 
x33  -0.00000422 
y33  -0.00000361 
x34  -0.00000323 
y34  -0.00000461 
x35  -0.00000283 
y35  -0.00000173 
x36   0.00000383 
y36  -0.00000133 
x37   0.00000101 
y37  -0.00000201 
x38  -0.00000408 
y38   0.00000145 
x39  -0.00000175 
y39   0.00000029 
 
Regression Analysis: Regression, whole skull, unpooled, centroid size 
 
Sums of squares 
Total SS:         1.45054553 
Predicted SS:         0.01365336 
Residual SS:         1.43689217 
 
% predicted:   0.9413% 
 
 
7. Procrustes ANOVA 
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Procrustes ANOVA: Procrustes ANOVA Age 
Dataset: EB_1_3_17, outliers excluded 
 
Classifiers used for the Procrustes ANOVA: 
Individuals: Age 
 
Centroid size: 
Effect      SS      MS         df        F       P (param.) 
Individual  602428.025383      60242.802538     10       1.03      0.4154 
Residual   18550567.376981    58335.117538     318 
 
Shape, Procrustes ANOVA: 
Effect     SS    MS          df        F      P(param.)   Pillai tr.   P(param.) 
Individual     0.1773    0.0002397240      740    4.43      <.0001        3.07       <.0001 
Residual       1.2731    0.0000541029    23532 
 
 
Procrustes ANOVA: Procrustes ANOVA Subject 
Dataset: EB_1_3_17, outliers excluded 
 
Classifiers used for the Procrustes ANOVA: 
Individuals: Subject 
 
Centroid size: 
Effect      SS      MS       df        F      P (param.) 
Individual   6471551.24    223156.94      29       5.26      <.0001 
Residual     12681444.16    42412.86    299 
 
Shape, Procrustes ANOVA: 
Effect     SS    MS          df        F      P(param.)   Pillai tr.   P(param.) 
Individual     0.8429    0.000393      2146   14.30      <.0001       20.59       <.0001 
Residual       0.6077    0.000027     22126 
 
 
8. Intraclass Correlation Analysis 
 
 
Intraclass Correlation Coefficient 
 
Intraclass 
Correlationb 
95% Confidence 
Interval F Test with True Value 0 
Lower 
Bound 
Upper 
Bound Value df1 df2 Sig 
		 96	
Single 
Measures 
.511a .414 .629 57.542 43 2279 .000 
Average 
Measures 
.983c .974 .989 57.542 43 2279 .000 
 
Two-way mixed effects model where people effects are random and measures effects 
are fixed. 
a. The estimator is the same, whether the interaction effect is present or not. 
b. Type C intraclass correlation coefficients using a consistency definition. The 
between-measure variance is excluded from the denominator variance. 
c. This estimate is computed assuming the interaction effect is absent, because it is not 
estimable otherwise. 
 
9. Bland-Altman Analysis 
Notes 
Output Created 07-MAR-2017 15:31:01 
Comments  
Input Active Dataset DataSet1 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data 
File 
1871 
Missing Value 
Handling 
Definition of Missing User defined missing values 
are treated as missing. 
Cases Used Statistics for each analysis are 
based on the cases with no 
missing or out-of-range data 
for any variable in the 
analysis. 
Syntax T-TEST 
  /TESTVAL=0 
  /MISSING=ANALYSIS 
  /VARIABLES=diffX 
  /CRITERIA=CI(.95). 
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Resources Processor Time 00:00:00.01 
Elapsed Time 00:00:00.00 
 
 
One-Sample Statistics 
 N Mean Std. Deviation Std. Error Mean 
diffX 1716 .2453 4.25648 .10275 
 
 
One-Sample Test 
 
Test Value = 0 
t df 
Sig. (2-
tailed) 
Mean 
Difference 
95% Confidence Interval 
of the Difference 
Lower Upper 
diffX 2.388 1715 .017 .24534 .0438 .4469 
 
GRAPH 
  /SCATTERPLOT(BIVAR)=mmeanX WITH diffX 
  /MISSING=LISTWISE. 
 
 
 
 
Graph 
 
Notes 
Output Created 07-MAR-2017 15:33:18 
Comments  
Input Active Dataset DataSet1 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data 
File 
1871 
		 98	
Syntax GRAPH 
  
/SCATTERPLOT(BIVAR)=m
meanX WITH diffX 
  /MISSING=LISTWISE. 
Resources Processor Time 00:00:00.98 
Elapsed Time 00:00:01.00 
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